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Over the past few years, electric vehicles have gained popularity due to envi-
ronmental driven aspirations of industrialized countries to ban fossil-fuel cars.
In synergy with an agenda for renewable energy, electrified transportation is
seen as a key component for a sustainable future. The aim of this thesis was
to formulate a design strategy for induction motors for traction applications,
with emphasis on a wide flux weakening range. An analytical model was de-
rived to generate an initial design according to required specifications. The
performance accuracy of the analytical model was closely aligned with com-
mercial software packages such as ANSYS RMxprt. The initial design was
optimized through a non-gradient based genetic algorithm. The optimized
design was then further refined for manufacturability and adapted to reduce
harmonic copper losses at high frequencies. The traction motor was built and
tested, with measured performance matching well with expected results. The
prototype motor performance validated the legitimacy of the suggested design
strategy. The design strategy was then used to develop a theoretical model of
a larger traction motor for locomotive applications. Additionally, the design
approach was adapted to implement voltage management with the aim of re-
ducing manufacturing costs of larger traction motors. The adapted strategy
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In vorige jare het elektriese voertuie populêr geraak weens omgewings aspira-
sies van eerste wêreld lande om petrol aangedrewe motors te verbied. Behalwe
vir hernubarie energie, word elektries aangedrewe vervoer gesien as sleutel-
komponent vir ’n volhoubare toekoms. Die doel van hierdie tesis is om ’n
ontwerpstrategie vir induksiemotors te formuleer, met klem op ’n breë vloed
verminderings interval. ’n Analitiese model was ontwerp wat oorspronklike
ontwerpe generereer volgens die vereiste prestasie. Die resultate van die an-
litiese model het goed saamgestem met kommersiële sagteware pakkette soos
ANSYS RMxprt. Die oorpsonklike model was geoptimiseer deur ’n Genetiese
Algoritme. Die geoptimiseerde model was minimaal aangepas om die ver-
vaardigings proses te vergemaklik, maar ook om Koper harmoniek verliese te
verminder teen hoër frekwensies. Die prototipe was vervaardig en getoets met
resultate wat die verwagte prestasie goed reflekteer. Die akkurate toets resul-
tate van die prototipe motor het die geldigheid van die voorgestelde ontwerps-
proses bevestig. Hierdie ontwerpsproses was toe geïmplemeteer om ’n groter
induksiemotor toereties te ontwerp vir lokomotiewe toepassings. Die strategie
was ook aangepas om spannings-bestuur te implementeer met die doel om die
motor grootte te verminder. Die aangepaste strategie was suksesvol met die
teoretiese ontwerp van ’n groter traksie motor. Met motor grootte wat verwant
is aan vervaardigingskoste, is die aangepaste strategie ’n goedkoper alternatief
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λins insulation thermal conductivity . . . . . . . . . . . . . . . [K/W ]
λr rotor slot permeance coefficient . . . . . . . . . . . . . . . [ ]
λs stator permeance coefficient . . . . . . . . . . . . . . . . . [ ]
λskew rotor skew permeance coefficient . . . . . . . . . . . . . . [ ]
λss stator slot permeance coefficient . . . . . . . . . . . . . . . [ ]
λzr rotor zig-zag permeance coefficient . . . . . . . . . . . . . [ ]
λzs stator zig-zag permeance coefficient . . . . . . . . . . . . . [ ]
ωb base angular speed . . . . . . . . . . . . . . . . . . . . . . . [ rad/s ]
ωm maximum angular speed . . . . . . . . . . . . . . . . . . . [ rad/s ]
φ magnetic flux . . . . . . . . . . . . . . . . . . . . . . . . . . [Wb ]
ρCo copper resistivity at temperature . . . . . . . . . . . . . . [Ω ]
τ magnetic pole pitch . . . . . . . . . . . . . . . . . . . . . . [ ]
τr stator slot pitch . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
τs stator slot pitch . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
εfin fin effectiveness . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
Variables
a1 current paths in parallel . . . . . . . . . . . . . . . . . . . . [m ]
ap conductors in parallel . . . . . . . . . . . . . . . . . . . . . [m ]
Ab rotor bar area . . . . . . . . . . . . . . . . . . . . . . . . . . [m2 ]
ACo magnetic wire cross section . . . . . . . . . . . . . . . . . . [m2 ]
Aer end ring cross sectional area . . . . . . . . . . . . . . . . . [m2 ]
Afin fin area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m2 ]
Aframe frame area . . . . . . . . . . . . . . . . . . . . . . . . . . . [m2 ]
Als lateral slot area . . . . . . . . . . . . . . . . . . . . . . . . . [m2 ]
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Anofin original surface area without the addition of fins . . . . [m2 ]
Ap cross sectional insulation paper area . . . . . . . . . . . . [m2 ]
As cross sectional electrical steel area . . . . . . . . . . . . . . [m2 ]
Asu useful slot area . . . . . . . . . . . . . . . . . . . . . . . . . [m2 ]
Asur surface area of stator . . . . . . . . . . . . . . . . . . . . . . [m2 ]
Aunfin surface area between fins . . . . . . . . . . . . . . . . . . [m2 ]
br0 rotor slot opening width . . . . . . . . . . . . . . . . . . . . [m ]
br1 rotor slot notch width . . . . . . . . . . . . . . . . . . . . . [m ]
br2 rotor slot width . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
bs0 stator slot opening width . . . . . . . . . . . . . . . . . . . [m ]
bs1 stator slot notch width . . . . . . . . . . . . . . . . . . . . [m ]
bs2 stator slot width . . . . . . . . . . . . . . . . . . . . . . . . [m ]
btr rotor tooth thickness . . . . . . . . . . . . . . . . . . . . . . [m ]
bts stator tooth thickness . . . . . . . . . . . . . . . . . . . . . [m ]
Bcr rotor core flux density . . . . . . . . . . . . . . . . . . . . . [T ]
Bcs stator core flux density . . . . . . . . . . . . . . . . . . . . [T ]
Bg air gap flux density . . . . . . . . . . . . . . . . . . . . . . . [T ]
Btr rotor tooth flux density . . . . . . . . . . . . . . . . . . . . [T ]
Bts stator tooth flux density . . . . . . . . . . . . . . . . . . . [T ]
C0 Esson’s Constant . . . . . . . . . . . . . . . . . . . . . . . . [ ]
Cω Constant power speed range ratio . . . . . . . . . . . . . . [ ]
dCo wire gauge diameter . . . . . . . . . . . . . . . . . . . . . . [m ]
Der end ring outer diameter . . . . . . . . . . . . . . . . . . . . [m ]
Dis stator inner diameter . . . . . . . . . . . . . . . . . . . . . [m ]
Dos stator outer diameter . . . . . . . . . . . . . . . . . . . . . [m ]
Dre rotor outer diameter . . . . . . . . . . . . . . . . . . . . . . [m ]
Dshaft shaft diameter . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
f frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Hz ]
Fm magnetization MMF . . . . . . . . . . . . . . . . . . . . . . [A·t ]
Fmcr rotor core MMF . . . . . . . . . . . . . . . . . . . . . . . . . [A·t ]
Fmcs stator core MMF . . . . . . . . . . . . . . . . . . . . . . . . [A·t ]
Fmg air gap MMF . . . . . . . . . . . . . . . . . . . . . . . . . . [A·t ]
Fmtr rotor tooth MMF . . . . . . . . . . . . . . . . . . . . . . . . [A·t ]
Fmts stator tooth MMF . . . . . . . . . . . . . . . . . . . . . . . [A·t ]
g air gap length . . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
Gt1 stator tooth weight . . . . . . . . . . . . . . . . . . . . . . . [Kg ]
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Gtr rotor tooth weight . . . . . . . . . . . . . . . . . . . . . . . [Kg ]
Gy1 stator yoke weight . . . . . . . . . . . . . . . . . . . . . . . [Kg ]
h fin height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
hair air convection coefficient . . . . . . . . . . . . . . . . . . . [W/m2K ]
hcr rotor core height . . . . . . . . . . . . . . . . . . . . . . . . [m ]
hcs stator core height . . . . . . . . . . . . . . . . . . . . . . . . [m ]
hr0 rotor slot opening height . . . . . . . . . . . . . . . . . . . [m ]
hr1 rotor slot notch height . . . . . . . . . . . . . . . . . . . . . [m ]
hr2 rotor slot height . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
hs0 stator slot opening height . . . . . . . . . . . . . . . . . . . [m ]
hs1 stator slot notch height . . . . . . . . . . . . . . . . . . . . [m ]
hs2 stator slot height . . . . . . . . . . . . . . . . . . . . . . . . [m ]
Hcr rotor core field intensity . . . . . . . . . . . . . . . . . . . . [A/m ]
Hcs stator core field intensity . . . . . . . . . . . . . . . . . . . [A/m ]
Htr rotor tooth field intensity . . . . . . . . . . . . . . . . . . . [A/m ]
Hts stator tooth field intensity . . . . . . . . . . . . . . . . . . [A/m ]
iLR locked/rated current ratio . . . . . . . . . . . . . . . . . . . [ ]
In rated current . . . . . . . . . . . . . . . . . . . . . . . . . . [A ]
IoA no-load current . . . . . . . . . . . . . . . . . . . . . . . . . [A ]
Ier end ring current . . . . . . . . . . . . . . . . . . . . . . . . . [A ]
ILK starting current . . . . . . . . . . . . . . . . . . . . . . . . . [A ]
Iµ magnetization current . . . . . . . . . . . . . . . . . . . . . [A ]
In rated current . . . . . . . . . . . . . . . . . . . . . . . . . . [A ]
Jb rotor bar current density . . . . . . . . . . . . . . . . . . . [A/mm2 ]
Jer end ring current density . . . . . . . . . . . . . . . . . . . . [A/mm2 ]
Jcos stator current density . . . . . . . . . . . . . . . . . . . . . [A/mm2 ]
kcond slot conductivity coefficient . . . . . . . . . . . . . . . . . . [W/m2K ]
kp insulation paper conductivity coefficient . . . . . . . . . . [W/m2K ]
ks electrical steel conductivity coefficient . . . . . . . . . . . [W/m2K ]
Kc Carters coefficient . . . . . . . . . . . . . . . . . . . . . . . [ ]
Kf form factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
Ks saturation factor . . . . . . . . . . . . . . . . . . . . . . . . [ ]
Kfill slot fill factor . . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
KE EMF coefficient . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
KFe lamination thickness . . . . . . . . . . . . . . . . . . . . . . [m ]
KI ratio between rotor and stator tooth MMF . . . . . . . . [ ]
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Kshw stator slot height to width ratio . . . . . . . . . . . . . . . [ ]
Kr skin effect resistance coefficient . . . . . . . . . . . . . . . [ ]
Kst stator tooth saturation coefficient . . . . . . . . . . . . . . [ ]
Kq1 winding zone factor . . . . . . . . . . . . . . . . . . . . . . [ ]
Kw1 stator winding factor . . . . . . . . . . . . . . . . . . . . . . [ ]
Ky1 chording factor . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
ler end ring segment length . . . . . . . . . . . . . . . . . . . . [m ]
lc coil length . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
equivalent fin length . . . . . . . . . . . . . . . . . . . . . . [m ]
lend end connection coil length . . . . . . . . . . . . . . . . . . [m ]
lp radial length of insulation paper . . . . . . . . . . . . . . . [m ]
ls radial length of stator yoke . . . . . . . . . . . . . . . . . . [m ]
L stack length . . . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
Lsc stator leakage inductance . . . . . . . . . . . . . . . . . . . [H ]
m electrical phases . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
fin specific variable . . . . . . . . . . . . . . . . . . . . . . . [ ]
nb base rotational speed . . . . . . . . . . . . . . . . . . . . . [ rpm ]
nm maximum rotational speed . . . . . . . . . . . . . . . . . . [ rpm ]
nr rated rotational speed . . . . . . . . . . . . . . . . . . . . . [ rpm ]
ns conductors per slot . . . . . . . . . . . . . . . . . . . . . . . [ ]
p magnetic poles . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
pcore core losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . [W ]
pfw friction and winding losses . . . . . . . . . . . . . . . . . . [W ]
prcl rotor copper poles . . . . . . . . . . . . . . . . . . . . . . . [ ]
pscl stator winding losses . . . . . . . . . . . . . . . . . . . . . . [W ]
pstray stray losses . . . . . . . . . . . . . . . . . . . . . . . . . . . [W ]
p1 magnetic poles pairs . . . . . . . . . . . . . . . . . . . . . . [ ]
Pin input power . . . . . . . . . . . . . . . . . . . . . . . . . . . [W ]
Pn rated output power . . . . . . . . . . . . . . . . . . . . . . . [W ]
Pout output power . . . . . . . . . . . . . . . . . . . . . . . . . . [W ]
q slots per pole constant . . . . . . . . . . . . . . . . . . . . . [ ]
q1 slots per pole per phase . . . . . . . . . . . . . . . . . . . . [ ]
Qr number of rotor slots . . . . . . . . . . . . . . . . . . . . . [ ]
Qs number of stator slots . . . . . . . . . . . . . . . . . . . . . [ ]
Rbe rotor bar / end ring equivalent resistance . . . . . . . . . [Ω ]
Rpaper convectional thermal resistance of convection . . . . . . [K/W ]
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R1eq equivalent stator resistance . . . . . . . . . . . . . . . . . . [Ω ]
Rpaper thermal resistance of insulation paper . . . . . . . . . . [K/W ]
Rs stator phase resistance . . . . . . . . . . . . . . . . . . . . . [Ω ]
Rpaper thermal resistance of electrical steel . . . . . . . . . . . . [K/W ]
S slip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
Sn rated slip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
Sgap apparent air gap power . . . . . . . . . . . . . . . . . . . . [ ]
t fin thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
tbk breakdown/rated torque ratio . . . . . . . . . . . . . . . . [ ]
tins insulation thickness . . . . . . . . . . . . . . . . . . . . . . [m ]
tlr locked/rated torque ratio . . . . . . . . . . . . . . . . . . . [ ]
Tair ambient air temperature . . . . . . . . . . . . . . . . . . . [K ]
Tb torque at base speed . . . . . . . . . . . . . . . . . . . . . . [N·m ]
Tbk breakdown torque . . . . . . . . . . . . . . . . . . . . . . . [N·m ]
Tbp peak torque at base speed . . . . . . . . . . . . . . . . . . [N·m ]
TCo copper temperature . . . . . . . . . . . . . . . . . . . . . . [K ]
Tm torque at maximum speed . . . . . . . . . . . . . . . . . . [N·m ]
Tmp peak torque at maximum speed . . . . . . . . . . . . . . . [N·m ]
Tn rated torque . . . . . . . . . . . . . . . . . . . . . . . . . . . [N·m ]
Tsur stator surface temperature . . . . . . . . . . . . . . . . . . [K ]
Tw winding temperature . . . . . . . . . . . . . . . . . . . . . . [K ]
V1eq equivalent stator voltage . . . . . . . . . . . . . . . . . . . [V ]
VL line voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . [V ]
Vm maximum supply voltage . . . . . . . . . . . . . . . . . . . [V ]
Vph phase voltage . . . . . . . . . . . . . . . . . . . . . . . . . . [V ]
W1 number of turns per phase . . . . . . . . . . . . . . . . . . [ ]
X1eq equivalent leakage reactance . . . . . . . . . . . . . . . . . [Ω ]
X2 referred rotor leakage reactance . . . . . . . . . . . . . . . [Ω ]
Xbe rotor bar leakage reactance . . . . . . . . . . . . . . . . . [Ω ]
Xm magnetization inductance . . . . . . . . . . . . . . . . . . . [Ω ]
Xsl rotor leakage reactance . . . . . . . . . . . . . . . . . . . . [Ω ]
Xsl stator phase leakage reactance . . . . . . . . . . . . . . . [Ω ]




This chapter presents the background of traction motors, their current status,
classification and design challenges. The formulation of the research problem
and the research methodology in context with this thesis are also described. In
conclusion of this chapter, an overview of each subsequent chapter is included.
1.1 Background
Since its invention in the 1830s, electrical machines have made key contribu-
tions to industrial developments world wide. It can be said that electrical mo-
tors are the backbone of the modern era. Since it was introduced, thousands
of pioneering researchers and engineers have made significant improvements
and various adoptions for specific applications. One of these applications is
traction drives such as being utilized in electrically powered vehicles, locomo-
tives and mine trucks.
The first electric vehicle (EV) made its debut in the United States of Amer-
ica in the late nineteenth century. Although it was rather described as an
electrified wagon, it sparked major interest. It was estimated that by 1910,
EVs accounted for a third of all vehicles in New York [1]. From the 1920s a
decline in popularity of EVs took place due to the discovery, cheap extraction
and mass availability of crude oil. By 1935 EVs were no longer economically
produced due to the success of internal combustion engines.
In recent years, EVs and hybrid vehicles have been developed at an exces-
sive rate as a solution for energy and environmental problems. Many countries
have aspirations to ban fossil-fuel cars in the future: Norway by 2025, China by
2030, France by 2040 and the United Kingdom by 2050 [2]. EVs are regarded
as a key part for a sustainable future. At the beginning of this century low
energy densities and the prolonged charging time of batteries were the main
reasons why EVs lost its competitive edge against combustion engines. With
1
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major recent technological improvements in battery development and optimal
energy management, the future looks bright for electrified transportation sys-
tems.
1.1.1 Classification of traction motors
Typical characteristics that are required from a motor for traction applications
are as follows: high reliability and robustness, a wide constant power speed
range (CPSR), high efficiency over wide speed ranges and a high power density
[3]. There are a variety of motor technologies that conform to these require-
ments and can thus be used for traction drive applications. These motors
include, but aren’t limited to:
• Permanent magnet brushless DC motor;
• Brushed DC motor;
• Permanent magnet synchronous motor;
• Switched reluctance motor;
• Reluctance synchronous motor;
• Induction motor.
For traction applications such as in EVs and electrical trains, the squirrel cage
induction motor is widely used due to its wide constant power speed range,
good overload capability and high efficiency. In addition, it is highly reliable,
cheap to manufacture, robust and easy to maintain. Although the operating
principle is the same, the design of a traction induction motor is significantly
different to that of a conventional induction motor. Conventional induction
motors are generally designed and optimized for single point operation at rated
speed. However, for traction induction motors performance characteristics
are considered at multiple operating points. This is to establish a wide flux
weakening range, as well as to achieve high efficiency throughout the flux
weakening range.
1.2 Problem statement
The aim of this thesis is to formulate a design approach of induction machines
for heavy traction applications with emphasis on a wide constant power speed
range. Induction motors are cheap, robust and easy to construct. They were
not favoured for traction applications before the advent of variable frequency
drives, which allowed variable speed applications. When investigating vehicle
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drive cycles across various terrains, a wide constant power speed range is an
essential traction motor performance characteristic. The proposed design ap-
proach will investigate to what extent a wide CPSR can be achieved by refining
general induction motor design theory for traction applications. This will be
applied in the derivation of physical motor dimensions from desired machine
specifications to achieve rated performance.
A small prototype motor will be optimally designed, built and tested exper-
imentally to validate the applied design approach. Finally, a large traction
induction motor will be optimally designed and analysed for heavy rail ap-
plications. The research will mainly be focussed on three-phase squirrel cage
induction motor technology.
1.3 Research aims and methodology
Electric vehicles represent one of the most promising solutions to energy se-
curity world wide and reducing emissions [4]. As mentioned above, induction
motors are very attractive solutions to traction drive applications such as in
electric vehicles and locomotives.
The design of an induction motor for traction applications is significantly dif-
ferent from that of the conventional induction motor. For an induction motor
to be deemed suitable for traction drives a set of requirements have to be met:
• High reliability and robustness;
• Wide constant power speed range;
• High efficiency over wide speed ranges and;
• High power density.
The research methodology employed in this thesis is to formulate and test a
holistic design strategy; which entails the design and optimisation of a traction
induction motor that conforms to the above conditions. The following steps
will be taken to accomplish the aim of this project:
1. A literature review will be completed to gain knowledge on the current
state of technology in traction drives.
2. An investigation will commence thereafter on general induction machine
operating principles and design methodology.
3. An analytical model will be derived to calculate machine dimensions and
specifications according to rated conditions.
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4. The initial analytically generated design will further be optimized.
5. A small prototype motor will be designed and tested to evaluate the
design approach.
6. Insights gained through the design and experimental evaluation of the
prototype motor will aid in the design and optimization of a larger trac-
tion motor.
1.4 Layout of thesis
The basic layout for the remainder of the thesis is as follows:
In Chapter 2 the basic theory for the traction induction motor design is pre-
sented necessary for the design of a traction motor.
In Chapter 3 the design specifications of a prototype motor and analytical
model are presented. The aim of the analytical model is to calculate machine
parameters and dimensions for given machine specifications.
In Chapter 4 different optimization algorithms are discussed and how the de-
sign will benefit from these algorithms respectively. The initial design achieved
by the analytical model will be optimized and the results will further be doc-
umented in this chapter. The motor will be tested for manufacturability and
refined if required.
In Chapter 5 the construction of a prototype motor is presented. This involves
the mechanical design, construction and assembly. In addition, the test results
of the prototype induction motor will be presented. The performance and op-
erating regions will be discussed in detail to determine whether the design
procedure was successful.
In Chapter 6 the design of a larger traction motor following the same or
adapted design approach used for the prototype motor, will be documented.
In Chapter 7, conclusions pertaining to the content of the entire thesis will be
presented. From these, recommendations and improvements will be proposed
for future research in this field of work.
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Design aspects of traction
induction motors
This section will present the design theory of induction machines and how it
will be applied for heavy traction applications.
2.1 Brief history of induction machines
After Farady revealed the electromagnetic induction law in 1831 and Maxwell
developed the laws of electricity in 1860, the theoretical foundation of a in-
duction machine was established. The induction machine has two founders:
Galileo Ferraris (1885) and Nicola Tesla (1887) [5]. Both their inventions were
supplied with a 2-phase AC (Alternating Current) power source. Therefore,
the 1-1’ and 2-2’ winding configuration was applied as seen in Figure 2.1.
(a) Ferraris’ induction motor (1885). (b) Tesla’s induction motor (1887).
Figure 2.1: Earliest induction motors [5].
5
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During the 1880s, Dolivo Dobrovolsky succeeded in delivering 3-phase power
to induction machines from power grids over long distances. He was also the
inventor of the wound rotor, single and double-cage rotors used in modern
times [5]. In the early 1900s, induction machines were used industrially, but
soon got replaced by DC machines. The induction machine made a remarkable
comeback in the 1980s with the addition of insulated-gate bipolar transistors
(IGBT) and pulse width modulation (PWM) inverters. This allowed for wider
supply frequencies and thus made the induction motor suitable for variable
speed drive applications.
At the beginning of the 21st century, approximately 60% of all power con-
sumed around the world were due to motor loads. From these motor loads,
more than 90% are induction motors [6]. This is a good reflection of the
continuous research conducted in this field for an ever expanding technologi-
cal era where motor drives become more advanced and specialized for various
applications. Although modern induction machines have better performance
and advanced topologies than a century ago, the principle behind an induction
motor has remained the same throughout the years. A rotating magnetic field
is produced by a multiphase AC stator winding. This rotating magnetic field
induces voltages that produces currents in the rotor windings. An interaction
exists between the stator produced magnetic field and the induced rotor mag-
netic field which results in torque production [5, 7].
2.2 Classification of induction motors
As can be seen from Figure 2.2, induction motors can be divided into two main
categories: single-phase and three-phase. Single-phase induction motors can
be further divided into four categories: split phase, capacitor start, capacitor-
start-capacitor-run and shaded pole. Three-phase induction motors can be
divided into two categories: squirrel cage rotor and slip ring or wound rotor
[8].
Induction Motor
1 Phase 3 Phase
Slip RingSquirrel CageShaded PoleSplit Phase Capacitor Start Capacitor Start Capacitor Run
Figure 2.2: Different types of induction machines.
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2.3 Three-phase induction motors
Due to the fact that three-phase AC current can transfer more power at lower
cost compared to single-phase AC current, it is used as the industry standard
in power intensive environments. Therefore, the focus of this thesis will be
on three-phase AC induction machines. As mentioned in the previous section,
three-phase induction motors can be divided into two sub-categories due to
their rotor construction. These are wound rotors and squirrel-cage rotors.
Both these significantly different rotors have the same stator construction.
2.3.1 Wound rotor
Just as in the stator, a wound-rotor has its own set of three-phase windings.
These windings are connected by brushes to slip rings on the shaft. This rotor
configuration allows examination of rotor currents and rotor resistance. The
latter allows adjustment of the machine’s torque-speed characteristics and are
usually applied for high starting torque applications. Unfortunately, wound-
rotors are expensive and require a considerable amount of maintenance and
their applications are rather limited [9]. An example of a wound-rotor induc-




Figure 2.3: Section view of a small wound-rotor induction motor [9].
2.3.2 Squirrel-cage rotor
Squirrel-cage rotors consist of a series of conducting rotor-bars which are placed
in slots along the outer diameter of the rotor. These conducting bars are
shorted at both ends by end-rings. An example of a squirrel cage induction
motor can be seen in Figure 2.4. The scope of this thesis will focus on three-
phase squirrel cage induction motors for traction applications. They are known
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to be reliable, robust, cheap and efficient [10]. There are four different methods
of construction for a squirrel cage rotor: aluminium die-cast, copper die-cast,
fabricated aluminium and fabricated copper.
Figure 2.4: Section view of a small squirrel cage induction motor [9].
2.3.2.1 Aluminium die-cast:
This method of construction has been in use since the 1930s and is unchanged
since its inception. Due to technological advancements in the casting field,
a wide range of rotor sizes can be casted successfully. Since Aluminum can
shrink as much as 6% upon cooling, care should be taken regarding mould
sizes and tolerances. An uneven distribution of material in the cast can cause
an unwanted increase in rotor resistance and subsequently an increase in bar
temperature. If the manufacturer successfully complies with modern die cast
practices, it should have the same level of reliability of fabricated rotor bars
[11].
2.3.2.2 Copper die-cast:
Copper has a superior electrical conductivity over aluminium and is better
suited for rotors in induction motors. The casting process of copper is very
similar to aluminium. The manufacturing process has additional challenges
which were only met in recent years. These challenges include consistency
of the cast clamp pressure and shot pressure at predetermined temperatures.
This is to ensure that the cast material is homogeneous and to avoid poros-
ity. If the process is not carefully controlled, cast material will not be evenly
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distributed and blow-holes can appear in the material. This can result in in-
creased resistance, uneven temperature distribution and decreased efficiency
of the motor. With higher temperatures and pressures required for copper
castings, increased costs are eminent. Table 2.1 gives a comparison between
the two casting processes. Similar quality as in aluminium castings can be
achieved, but this process requires larger initial capital investment [11]. It is
estimated that highly efficient motors with copper rotors have a payback pe-
riod of four months due to the energy saved [12].
Aluminium Copper
Temperature [◦C] 650 1050
Shot pressure [MPa] 13.8 44.8
Clamp pressure [MPa] 16.5 53.8
Table 2.1: Comparison of aluminium and copper casting requirements [11].
2.3.2.3 Aluminium fabricated:
The main advantage of fabricated aluminium rotor bars over aluminium cast
rotors is the cost. Further, most manufacturers have a finite set of cast sizes
available. Depending on the quantity required, it’s more expensive to cast
and use tooling techniques to achieve a desired dimension. For industrial use,
a break-even calculation can be made regarding the cost of creating custom
moulds and the payback period. The main difference in construction between
aluminium and copper fabricated rotors is that the former is welded and the
latter is brazed for structural integrity.
2.3.2.4 Copper fabricated:
This is the oldest rotor manufacturing technique dating back to the 1920s. This
construction method can be used for rotors of any size, but is more expensive
and unattractive for small machines. For an aluminium rotor to achieve similar
efficiencies such as in copper rotor motors, the length of an aluminium rotor has
to be increased between 20% and 50%. This has an increase in the amount of
electrical steel laminations required. Due to a limited budget and a single rotor
needed for experimental purposes of this thesis, the rotor will be constructed
with fabricated copper bars.
2.3.3 Equivalent circuit
As mentioned earlier, the working principle of an IM is such that voltages and
currents are produced in the rotor from the three phase stator windings. This
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action is similar to that of a transformer and thus, the equivalent circuit of an
IM can be derived from it. The stator side of the circuit is identical to that
of a transformer containing a resistance R1 and leakage reactance X1. Due
to the high reluctance of the air-gap, a high magnetizing current is needed to
achieve a specified flux value. As a result, the magnetization reactance Xm
will be smaller than that of a transformer [9].
The main difference between the equivalent circuit of an IM and a transformer
is due to the effects of a varying rotor frequency on the induced rotor voltage
and rotor impedance. The magnitude and frequency of the induced voltage on
the rotor is proportional to the connected load and thus relates to the slip S.
Slip is known as the difference between the synchronous speed and mechanical
speed of the motor at a given time. For a transformer, the secondary currents,
voltages and impedances are referred to the primary side through a turns ratio.
For squirrel cage IM, the turns ratio is practically impossible to determine.
Luckily, when referring the secondary side to the primary side of the IM,
the referred reactance X2 and resistance R2 can be measured experimentally.
After simplifying the effect of slip on rotor induced voltages and reactance, the














Figure 2.5: Equivalent circuit of an induction motor.
The variables I1, Im and I2 represent the stator phase current, magnetization
current and induced rotor current, respectively. The induced and referred
voltage on the rotor is represented by E1. Lastly, the core losses (eddy and
hysteresis) is represented by Rc. Parameters related to starting torque are
R1, R2 and X2; to pull-out torque are X1 and X2; and for rated torque R2 [13].
2.3.4 Machine losses
It is estimated that within the industrial sector of the United States, more
than 70% of the power consumed is from electrical motors [12]. There are
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thus major economical benefits in understanding machine losses and how to
create efficient motors. A power-flow diagram can be seen in Figure 2.6 indi-
cating how energy enters and dissipates though motor operation.
Figure 2.6: Power-flow diagram of an induction motor [9].
The diagram starts with electrical energy entering the motor in the form of
three-phase voltages and currents. Conductor losses occur in the stator cop-
per windings, PSCL. These losses are also known as ohmic losses due to the
P ∝ I2R relationship. Magnetic or iron losses such as hysteresis and eddy
current losses are grouped together as core losses, Pcore. The remaining power
is transferred to the rotor across the air-gap and is known as the air-gap power,
PAG. Further conductor losses occur in rotor copper windings and are indi-
cated by PRCL. The remaining power is converted to mechanical energy and
is given by Pconv. Mechanical losses include friction and windage losses, Pfw,
as well as stray losses, Pmisc. Stray losses are difficult to determine due to the
machine’s stack aspect ratio and winding configuration. The remaining power
is the output power received by the load.
Motor losses can be reduced by the optimization of machine characteristics
such motor geometry, winding configurations and aspect ratios. Further ef-
ficiency improvements can be made by utilization of low loss materials and
reduction of mechanical losses.
2.4 Power and torque characteristics of
traction motors
Traction motors are mostly used for propulsion systems such as electric vehicles
(EVs) and load carrying applications. Induction motors are widely accepted as
traction motor of choice due to its good constant power speed range (CPSR)
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[14]. In EV applications, the power and torque characteristics of a traction
motor has a big influence on the motor’s acceleration, grade ability and maxi-
mum speed [4]. A well designed traction drive motor has three distinguishable
operating regions: a constant torque, constant power region and reduced power
















Figure 2.7: Torque-speed characteristics of a traction motor.
2.4.1 Constant torque
In this region a constant torque is maintained by increasing the supply voltage
and frequency at a fixed ratio while the current and flux remains constant. The
voltage/frequency ratio is maintained until the rated voltage value is achieved
at base speed. Once base speed is surpassed, the voltage remains fixed while
the frequency continues to increase within the CPSR. Additionally, in the
constant torque region the output power increases linearly with supply voltage.
2.4.2 Constant power
This region is entered once the the supplied voltage and frequency ratio is
broken. Thus, the supply frequency continues to increase while the supply
voltage remains fixed. The air-gap flux reduces inversely proportional to the
increasing supply frequency while the machine current remains constant. Thus,
the decrease in torque appears as seen in Figure 2.7. In EV applications
an extended constant power region is important for initial acceleration and
cruising operation. For a traction motor design to be deemed suitable, it
should have a constant power region of approximately three times its base or
rated speed [5].
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2.4.3 Reduced power
In this region the torque, as well as the output power reduces due to the
increased influence of back electromotive force (Back-EMF). The machine op-
erates at pull-out or breakdown slip in order to maximize the output torque.
As a result, the current decreases, output power reduces and machine operation
is unstable.
2.5 Motor overload capability
Traction motors are often subjected to heavy traction duty, which requires
them to handle excessive loads. This causes premature wear and damage to
both mechanical and electrical components of the motor [15]. Induction motors
can be overloaded by more than four times their rated operating conditions
[16]. This makes the induction motor well suited for traction drive applications.
2.6 Design considerations
This section will describe and discuss important design considerations of a
traction induction motor.
2.6.1 Main dimensions
An important design consideration regarding the main dimensions, as seen in



















Figure 2.8: Main induction machine dimensions.
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This relationship can further be adapted as the relationship between the pole






where p is the number of magnetic poles in the machine. This relationship
determines the general shape of the motor. The shape can vary from a wide,
but short disc shape to a long cylindrical form. The variations in shape have
an influence on the machine’s performance and are summarized in Table 2.2.






Well rounded design 1.0 - 1.1
High power factor 1.0 - 1.3
High efficiency 1.4 - 1.6
Minimum overall cost 1.5 - 2.0
It should be mentioned that the information presented in Table 2.2 predom-
inantly apply to large sized machines. For smaller machines such as a 3 kW
machine, a smaller ratio tends to have a better performance in terms of ef-
ficiency and power factor. This is especially the case for traction induction
motors.
2.6.2 Stator design
The stator is the stationary portion of a rotating electrical machine. From
Figure 2.8 the stator can be viewed as the outer portion which consists of
a stack electrical steel laminations and a set of insulated electrical windings
placed inside machined slots. The electrical steel serves as a magnetic path
for interaction between stator and rotor magnetic fields. The core consists of
laminations to reduce eddy current losses. Further, the electrical windings are
designed to withstand thermal loading of the motor. The remainder of this
sub-section discusses considerations when designing the stator of a traction
induction motor.
2.6.2.1 Delta vs wye connection
The phase connection chosen for an induction motor is related to the allow-
able turns per coil. As machine size increases, the amount of turns per coil
decreases generally. Therefore, larger machines results in restricted options
for phase belt connections. It should also be noted that the phase connection
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has an influence on the third harmonic flux modulation. For a delta connec-
tion and sinusoidal voltage supply, the third harmonic of flux cannot exist,
as well as its induced voltage resulting in marginally reduced core losses [5].
The maximum line current is greater for a delta connection compared to a
wye connection. This results in a higher winding temperature for delta phase
connections [18].
Further, a combination of the two winding methods known as delta-wye can be
used. This is often used to reduce the starting current or increase the constant
power speed range of the machine. If the winding connection is switched from
delta to wye the phase voltage across the winding will decrease from VL to
VL√
3
, causing the starting current to be reduced by the same ratio [9].When the
machine is operating in the constant power region and the winding connection
is switched from wye to delta, the speed range can be increased by as much as
three times within the region [5].
2.6.2.2 Selection of the number of stator slots
The number of stator slots has an impact on the operation, cost and weight
of the motor. To increase the overload capability traction induction motors
are often designed with relatively high number of stator slots. However, there
are also some disadvantages associated with a high number of stator slots as
summarized in Table 2.3 [17].
Table 2.3: Trade-off for higher amount of stator slots.
Advantages Disadvantages
Higher overload capacity Increased cost
Reduced leakage reactance Increased iron losses
Reduced tooth pulsation losses Increased magnetization current
Poor cooling
Reduced efficiency
To avoid an increase in leakage reactance, the slots/pole/phase ratio should
generally be more than or equal to two. Both integral and fractional slot
windings should adhere to this ratio.
2.6.2.3 Stator slot types
The two most commonly used stator slots for traction applications in induction
motors are semi-closed slots and open slots. These slots can be seen in Figure
2.9. The differences between these slots are described below:
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(a) Semi-closed slot. (b) Open slot.
Figure 2.9: Most common induction motor slots.
Semi-closed slot
From Figure 2.9a it can be seen that the slot width is much wider than the
slot opening. A result of this is a more expensive winding procedure.The semi-
closed slot consists of wound coils and is mostly used for induction motors with
a voltage rating lower than 3 kV [19].
Open slot
The open slot has an uniform slot width with a small wedge placed inside a
notch to secure the form-wound coils. Due to the slot opening and width being
the same, it makes the winding process easier and cheaper when compared to
a semi-closed slot. The gap between the tightly fit wedge and the air-gap
creates an additional ventilation path and has heat transfer advantages. This
configuration is mostly used in larger machines such as 75KW or higher when
the rated voltage is 3 kV and above [19, 20].
Performance dependence on slot shape
The main difficulties involved when designing for a wide flux weakening range
are:
• Reducing the leakage inductance;
• Reducing the skin effect and;
• High efficiency throughout the flux weakening range.
How these aspects influence performance through slot shape design are dis-
cussed as listed in Sections 2.7.1, 2.8.2 and 2.8.4 respectively. A rectangular
slot is sufficient to address the design challenges mentioned above. In addition,
its simplicity and ease of manufacturing aided in the decision.
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2.6.2.4 Stator winding
Stator windings are generally constructed from enamelled copper wire for its
superior conductivity. These windings are spatially distributed within the
stator slots to achieve sinusoidal current linkage. The rest of this sub-section
describes stator windings and how it can be manipulated to achieve desired
performance.
Form-wound vs random-wound coils
The physical appearance of the two winding configuraions can be compared
and viewed in Figure 2.10. Form-wound coils consist of rectangular wire. This
rectangular shape is constructed in a shaping machine and dimensioned ac-
cording to the configuration it will occupy in its slot. The winding process
begins with the looping of the wire. Several wires in parallel creates a turn.
These turns are always arranged in precise location with respect to each other.
When inserting, these coils are kept in place by slot wedges. When there is no
definite arrangement between turns at insertion, the winding configuration is
called random. Random windings are cheaper and generally used in smaller
machines [21].
The biggest advantage of random-wound coils over form-wound coils is the
lower cost and ease of mechanized construction due to its cylindrical shape. It
should be noted that the life expectancy of random-wound coils are drastically
reduced under non-linear loads and severe weather conditions. The primary
advantage of form-wound coils are due to its uniform copper fill construction
and thus better fill factor. As a result, form windings have uniform temper-
ature distribution which minimizes the chance of a localized hotspot. Due
to the cylindrical wire shape and configuration of random-wound coils, resin
builds up unevenly and creates unpredictable localized hotspots.
(a) Form-wound coil. (b) Random-wound coil.
Figure 2.10: Form- and random-wound coil comparison [21].
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Short-pitched winding
A coil span can be defined as the peripheral distance between two coil sides
of a coil. Pole pitch can be described as the centre to centre distance of two
adjacent poles and is generally expressed in terms of the number of slots on the
periphery or electrical degrees. If the coil span is equal to the pole pitch, the
armature winding is called a full pitched winding. If the coil span is less than
the pole pitch, the armature winding is known as a short-pitched or fractional-
pitched winding [22]. This fraction is known as the winding factor or chording















Figure 2.11: Full and Short pitched coil comparison.
Some of the advantages regarding short pitched winding include [23]:
• The amount of copper required for the end connection winding is reduced
when compared to full pitch winding.
• It improves the waveform of the generated EMF by reducing harmonic
distortion.
• Due to the elimination of high frequency harmonics, hysteresis losses
and eddy currents are reduced, resulting in an increase of efficiency of
the motor.
The primary disadvantage of short pitched coils is the reduction in generated
EMF. To counter this effect, more coil turns are required to produce similar
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 2. DESIGN ASPECTS OF TRACTION INDUCTION MOTORS 19
voltages of a full pitched coil.This increase in coil turns aren’t significant com-
pared to the shortening of the end connections, thus the material consumption
will always be less for a short pitch winding.
Winding layers
Conventional induction machines generally have single layer or double-layer
winding configurations. In double layer windings, the amount of coils equal the
amount of slots due to each slot accommodating two coil sides. This method
is mostly used in larger or mass produced machines due to being the cheaper
winding process. Further, fractional slot windings can be realized through
this method. In single layer windings, the amount of coils are equal to half
the amount of slots due to each slot consisting of one coil side. The primary
advantage of single layer winding is quieter machine operation, reduced tooth
losses and less ampere-turns required to produce a desired air-gap flux density.
This winding method is mostly used in small machines. A visual representation
of both winding methods can be seen in Figure 2.12.
(a) Single layer winding. (b) Double-layer winding.
Figure 2.12: Single and double-layer winding comparison.
2.6.3 Rotor design
As displayed in Figure 2.8, the rotor is the inner and moving portion of an
induction motor. It consists of slotted steel laminations and a set of windings
within its slots. Two types of rotors were discussed in section 2.3 with squirrel
cage rotors being the preferred option.
The rotor design has a major influence on the motor efficiency and power
factor at all operating conditions. The remainder of this section will present
important considerations for the the design of a rotor for traction applications.
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2.6.3.1 Rotor slots
The rotor slots are generally semi-closed or closed with a small gap that leads
to the outer surface. Because of the smoothness of the air-gap, a closed slot
rotor will have a lower magnetization current and quieter operation. Although
this sounds promising, the motor will have a reduced overload capability and
an increased leakage reactance [17]. For traction applications a semi-closed
slot is more advantageous due to its higher overload capability. More detailed
considerations regarding the design of a semi-closed slot will be presented in
the following chapter.
2.6.3.2 Number of slots selection
Although the amount of stator slots is an important design consideration, the
ratio between stator and rotor slots is crucial to prevent disturbances during
operation. Thus, a careful selection of rotor slots Qr with respect to stator
slots have to be made. The most common disturbances of poor stator and
rotor slot combinations are summarized hereafter.
• Crawling: The rotating magnetic field within the air-gap generated
from the three-phase power supply is generally non-sinusoidal and con-
tains harmonics. These harmonics that are present in the flux wave have
a magnificent impact on the torque-speed characteristics of the motor.
Additionally, If a 7th order harmonic is present, the motor will have a
undesired tenancy of running at a seventh of its rated speed [19, 20].
• Cogging: This is when the rotor remains stationary and refuses to start
due to magnetic locking. This occurs when the amount of rotor and
stator teeth are equal. When all the rotor and stator slots are aligned,
the reluctance of the magnetic path is a minimum and the rotor remains
stationary [19, 20].
The following conditions, as well as Figure 2.13 can be used as a guideline for
rotor and stator slot combinations. Table 2.4 depicts conditions that should
be complied with in order to avoid unwanted operating behaviour.
Table 2.4: Boundary conditions to avoid unwanted motor behaviour [19, 20].
Unwanted behaviour Boundary condition
Cogging and crawling Qs 6= Qr and (Qs −Qr) 6= ±3p
Hooks and cusps in torque characteristics Qr 6= ±p,±2p,±5p
Noisy operation (Qs −Qr) 6= ±1,±2, (±p± 1), (±p± 2)
All the clear spaces in Figure 2.13 are safe tooth combinations. The ‘-’ indicates
harmful torques in counter current braking, ‘x’ indicates harmful mechanical
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vibrations, ‘◦’ represents harmful synchronous torques at standstill while the
‘+’ refers to harmful torques at positive speeds. However, if the design isn’t
under strict limits compromises can be made with the combination selection.
Figure 2.13: Safe rotor and stator slot combinations [20].
2.6.4 Rotor Shaft
There exists two design approaches for the calculation of minimum shaft di-
ameter for safe machine operation according to [24]. These methods are based
on resistance of torsional deflection and transmission of torque. These two
approaches can be combined into the following equation in order to determine




1.33× 106 × Pout
nm
[mm] (2.2)
where Dmin is the minimum shaft diameter, Pout is rated output power and nm
the maximum speed in rpm. Minimum shaft diameters can also be found in
induction motor catalogues with sample shaft sizes and its resulting allowable
maximum torque.
2.6.5 Air-gap
As can be seen from Figure 2.8, the air-gap is the space between the outer
surface of the rotor and the inner surface of the stator. It has a large effect
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on important machine characteristics such as the power factor, overload capa-
bility, magnetizing current, cooling, noise and balanced magnetic pull. These
are important characteristics when designing a traction induction motor, as
they differ from the conventional IM. The air-gap influences the mentioned
characteristics as follows:
• Power factor: A relationship exists where the product of the air-gap
length and the flux density is proportional to the MMF needed to trans-
mit flux though the air-gap. Thus, an increased air-gap results in an
increased MMF, which results in a high magnetizing current. This even-
tually leads to a poor power factor.
• Overload capability: For a larger air-gap a reduction in leakage flux
exists, hence a reduced leakage reactance. This leads to an increase in
overload capacity.
• Magnetizing current: The air-gap forms the non-magnetic component
of the magnetic equivalent circuit. Due to it being connected magneti-
cally in series the magnetic flux flows through the air-gap. A large air-gap
increases the magnetizing current and lowers the achievable flux density
[25].
• Cooling: The flow of air through the air-gap can be classified as internal
forced convection. The outer diameter and thickness of the air-gap is
directly related to the amount of heat transferred [26].
• Noise: The air-gap plays a role in the magnitude of the noise generated
from magnetic origin. Periodic force waves are generated within the air-
gap resulting in marginal deformation of the stator core and excitation
of the surrounding air. This is how the acoustic noise is generated [27].
This noise can be reduced by increasing the air-gap length or reducing
the magnetic flux density in the air-gap.
• Unbalanced magnetic pull: This comes as a result of a non-uniform
air-gap. This leads to the bending motion of the stator that further
results in structure-borne acoustic noise. In addition, torque ripple is
caused by this effect. These effects are reduced with a uniform and
larger air-gap length.
To summarize the information stated above, Table 2.5 can be used in the selec-
tion of air-gap size by comparing the advantages and disadvantages of larger
air-gap lengths.
Due to the magnetization current, power factor and efficiency being important
design parameters for traction induction machines, a minimum air-gap length
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Table 2.5: Large air-gap length selection.
Advantages Disadvantages
Increased overload capability Increased magnetization current
Better cooling Reduced power factor
Noise reduction Reduced efficiency
Reduced tooth pulsations
Reduced unbalanced magnetic pull
can be established by the following empirical equation [5]:
g =
(




· 10−3 [m] (2.3)
where Pn is the rated power of a 4-pole induction motor.
2.6.6 Magnetic loading
The flux density throughout the core of the motor should be monitored through-
out the design process. To avoid heavy saturation, the flux density should be
kept below a well defined maximum. Generally, the maximum flux density
occurs in the rotor and stator teeth. Smaller machines (below 75 kW) have
more prominent tapered teeth which increases the probability of saturation at
the tooth tips. As machine sizes increase, the tapering of teeth becomes less
significant. This allows bigger machines to have larger slot fill factors. Table
2.6 can be used as a benchmark when considering flux densities for machine
design:
Table 2.6: Suggested motor flux densities [19].
Flux density [T] Value
Rotor yoke 1.0 - 1.6
Rotor tooth 1.5 - 2.2
Air-gap 0.7 - 0.9
Stator tooth 1.4 - 2.1
Stator yoke 1.4 - 1.7
2.6.7 Electric loading
The steady state current density value is limited by the motor’s ability to
dissipate heat. The more effective of a cooling method implemented, the higher
allowable current densities can be safely designed for. This is presented in
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Table 2.7. It is also advised for traction drive applications that the current
densities of the rotor should generally be less than that of the stator.
Table 2.7: Impact of cooling on electric loading [19].
Cooling method Current density [A/mm2]
None 6.0
Forced external cooling over surface 7.0 - 9.0
Forced external through vents in stator 14.0 - 15.0
Liquid cooling through vents in stator >20.0
2.7 Design for wide constant power speed
range
As mentioned earlier in section 2.4 and depicted in Fig. 2.7, the power and
torque characterteristics of a traction induction motor is what sets it apart
from normal induction motors. A well designed traction drive has a CPSR
defined as ωm/ωb as illustrated in Fig. 2.14 of 3 or greater [5]. Thus, the
maximum speed ωm achieved in the constant power region should at least be 3
times greater than the base speed ωb. Because a design evolves around the base
speed ωb and the maximum constant power speed ωm is a result thereof, it is
important to establish a relationship between the two. This relationship is key
to ensure that the design specifications at both speeds can be satisfied. The
maximum torque of an m−phase, p−pole pair induction motor can be derived









R21eq + (X1eq +X2)
2)
(2.4)
where V1eq, R1eq, X1eq andX2 are equivalent stator voltage, resistances, leakage
reactance and referred rotor leakage reactance, respectively. Taking R1eq as
negligible and V1eq as constant under flux weakening operation. Eq. (2.4) can
be written as:






where K = mp/[8π2(L1eq +L2)] and L1eq and L2 are equivalent stator leakage
and referred rotor leakage inductances. Since the frequency, f ∝ ω (electrical
angular speed) and V1eq is constant Eq. (2.5) can be written as:
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where K1 is a constant. The relation between the maximum torques at the
base and maximum speeds, ωb and ωm, is thus:
T ′b · ω2b = T ′m · ω2m (2.7)
Under constant power P , the rated operational torques at the base and maxi-
mum speed, Tb and Tm, are related by:
Pout = ωbTb = ωmTm (2.8)
At the maximum speed, the maximum torque must exceed the rated operating
torque by a factor κm, such that:
T ′m = κmTm (2.9)
From Eq. (2.7) – (2.9), the ratio between the maximum torque and the rated
operational torque at the base speed, κb, can be derived:









Eq. (2.12) can be incorporated into the initial design steps to optimize a suit-
able maximum torque in order to realize the required CPSR for the induction
motor.
2.7.1 Reduction of leakage inductance
The most common method of achieving a higher breakdown torque comes from
decreasing the leakage inductance. The stator and rotor leakage inductances
are given by [5]:






× 2µ0Li (λb + λer + λzr + λdr + λskew) (2.14)
with
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Figure 2.14: Output torque and power characteristics with flux weakening.
ns = conductors per slot
m1 = number of phases
q1 = slots per pole per phase
W1 = number of turns per phase
λss = stator slot permeance coefficient
λzs = stator zig-zag permeance coefficient
λds = stator differential permeance coefficient
λend = stator end-coil permeance coefficient
λb = rotor slot permeance coefficient
λer = end ring permeance coefficient
λzr = rotor zig-zag permeance coefficient
λdr = rotor differential permeance coefficient
λskew = rotor skew permeance coefficient
As can be seen in these expressions, each is loaded with parameters which
cannot be neglected in any thorough analysis. Both these equations are valid
for open and semi-closed slots, which will be implemented for the thesis. An
in-depth sensitivity analysis of how geometrical variables influence rotor and
stator leakage inductance is no easy task. This is mainly done iteratively
through finite element methods and differs from motor types and applications.
However, the main geometrical dimensions that have an influence on rotor and
stator leakage inductance respectively are:
• Amount of pole pairs;
• Stator inner diameter;
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• Stator slots per pole per phase;
• Stator and rotor slot aspect ratio;
• Stator and rotor rated torque current density;
• Rotor slots per pole pair;
• Air-gap flux density;
• Stack length per pole pitch ratio and;
• Slot tooth to width ratio.
Generally, when the main design objectives are efficiency, breakdown torque
and minimal motor volume, a 4-pole motor is most beneficial. A compromise
exists for both the rotor and stator where an increase in the number of slots
per pole per phase reduces leakage inductance, but simultaneously increases
stray losses.
2.7.2 Design towards an even wider CPSR with voltage
management








with both the breakdown torque to rated torque ratio and maximum speed
to base speed ratio equalling a CPSR ratio. This can be achieved through
leakage flux management or voltage management methods as discussed for the
remainder of this section.
2.7.2.1 Higher voltage per phase
Generally, once the rated speed is achieved, the phase voltage is at its max-
imum rated value and remains constant through the CPSR. An alternative
approach is to design the IM at a lowered rated phase voltage to allow a con-
tinuous steady rise through the CPSR as seen in Figure 2.15. This will however
result in a larger rated current and thus increased inverter costs. Literature
exists for the calculation of the inverter current increase, but will not be de-
rived for the purpose of this thesis. It should be noted that this method does
not suppose overrating, just a design adjustment for the lower rated voltage
at base speed.
Stellenbosch University https://scholar.sun.ac.za
















Figure 2.15: Continued increase in voltage for CPSR.
2.7.2.2 Switching winding phase connection
For a large CPSR ratio of more than 4, the above mentioned methods are
not generally sufficient. Changing the stator phase connection from wye (Y)
to delta (4) during machine operation results in a sudden increase of phase
voltage by
√
3. The influence on the torque-speed characteristics can be seen
in Figure 2.16. 
Power
Speednb nmY nmΔ
Y - Δ Connection
Figure 2.16: Extended CPSR by switching winding phase connection from Y
to ∆.
This switch is completed smoothly through a magnetic switch via the power
electronics converter (PEC) and can be done during operation. To build on
this method an even wider CPSR can be achieved through a winding tap.
In this process the amount of turns per phase are reduced via an additional
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switch at high speeds. This reduction in turns per phase results in a reduction
of stator winding resistance, as well as the total leakage inductance. Thus
achieving a higher breakdown torque.
2.7.2.3 Inverter pole switching
Through this method the amount of poles can be reduced at a ratio of 2:1,
thus increasing the CPSR by a factor of 2. This can be achieved through two
twin half-rating inverters or a single PEC in combination with two three-phase
switches connected to different pole count winding configurations.
2.8 The design of an induction motor with
variable frequency drive
As the rotor tangential speed increases to between 60m/s and 80m/s, mechan-
ical constraints become dominant and rotor design becomes critical. Generally
for high speed applications, solid rotors with copper bars are mostly consid-
ered. The challenge of traction drive applications with a wide CPSR is that
the size of IM increases with high torque requirements, but for high speed
applications smaller machine sizes are advantageous. Despite international ef-
forts in previous years, the numerical design of a traction IM with variable
speed capability did not realize in widely accepted methodologies [5].
What follows as the remainder of this section can be seen as small steps to-






applicable for variable speed drive design. The main issues involved in the
design of variable speed IM drives are as follow:
• Power and voltage derating;
• Reducing skin effect;
• Reduction of torque pulsations and;
• Increased efficiency.
2.8.1 Power and voltage derating
An induction motor generally forms part of a variable speed drive assembly
such as seen in Figure 2.17. For variable frequency drives (VFD’s), there is a
power electronics converter placed between the IM and power grid.
The PEC, which manipulates the harmonics of a voltage or current source type
IM, in combination with the PWM control strategy is used to achieve speed
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3 Phase
50 Hz PEC IM
load
machine
Figure 2.17: Variable speed drive assembly for IM.
control. Each type of PEC has its very own harmonics and respective voltage
drop. Recently, both these indexes have been reduced. The IM motor has to
be designed with a voltage derating considered of between 5% to 10%. This
means that the motor design should be performed at a rated voltage Vm which
is less than the AC power grid voltage Vg:
Vm = Vg (1− vderating) (2.16)
Power derating has an influence on the design approach when Esson’s constant
is determined. Esson’s constant is a volume utilization factor which provides
a torque-to-volume design ratio. When power derating is evident, Esson’s
constant can be adapted as follows for variable V/f supply:
C
′
0 = C0 (1− pderating) , with pderating ≈ (0.08− 0.12) (2.17)
Although this may seem as quite an empirical approach, it is only implemented
in the initial sizing process. Once the sizing is completed, the voltage drops in
the PEC, as well as the time harmonics and windings losses can be determined
iteratively until refinements are done [5].
2.8.2 Reducing skin effect
For variable speed drive design, starting torque and current constraints are not
as relevant due to the variable voltage and frequency. However, for traction
and wide-constant-power-speed-range applications, a high breakdown torque
is required. This can be a challenging task without increasing the machine
geometry. The skin effect in winding losses is related to conductor size and
position within slots, as well as the supply frequency. The rotor and stator
skin effect is to be reduced at fundamental frequency initially, where after its
influence has to be checked and limited from the PEC.
The skin effect is most evident in the rotor cage, therefore the solution will
involve rotor bar analysis. Further, the rotor slot shape has an effect as well.
For round and rectangular slots, the analysis procedure is simplified. Gener-
ally, the maximum slot depth is related to motor peak torque requirements.
Reduction in rotor bar skin effect can be achieved with shallower slots. Thus,
for a given stator diameter a longer stack length is required. This results in
reduced leakage inductance and larger breakdown torque. When slot depth
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reduction is not possible, a wound rotor is suggested. To reduce end ring skin
effect, a compromise exists. By placing the end rings further away from the
stack a reduction of skin effect is achieved. Replacing aluminium with cop-
per will reduce bar resistance at a larger skin effect. Therefore, reducing the
copper bar size until equivalent aluminium resistance is achieved will result
in reduced leakage inductance and increased breakdown torque. In reality a
round bar is rather impractical for large IMs. In most cases rectangular slots
with a height to width ratio of ≤ 3 is acceptable. In well designed IMs the
skin effect is negligible at fundamental frequencies of less than 100Hz [5].
2.8.3 Reduction of torque pulsations
The source of torque pulsations can be categorized into two groups: the in-
teraction between air-gap magnetic permeance space harmonics with stator
MMF harmonics and voltage time harmonics produced by the PEC. Space
harmonics torque pulsations are produced by synchronous parasitic torques.
This is highly dependant on stator and rotor slot ratio, slot opening to air-gap
length ratio, air-gap to pole pitch ratio and the level of saturation in the core.
However, this is only valid at slip values of S ≥ 0.7.
Just as for constant voltage and frequency supply drives, the same constraints
regarding rotor and stator slot combinations apply as discussed in Section
2.6.3.1. Slot openings tend to amplify parasitic synchronous torques forQr > Qs,
therefore the general design rule for variable V and f drives are Qr < Qs with-
out cage skewing considered. Stator winding overlapping or chording will
magnificently reduce parasitic torque. It is essential to have slot openings that
reduce parasitic currents without increasing the leakage inductance [5].
2.8.4 Increased efficiency
Its seems obvious that to achieve a more efficient motor a reduction in ma-
chine losses is required. Lower values of flux and current densities lead to
larger, but more efficient motors in general. This is why larger or more ef-
ficient machine are regularly considered for variable voltage and frequency
applications. Achieving good efficiency is not always an easy task, but a few
design considerations below can be used as guideline [5]:
• As briefly discussed in Section 2.6.2.2, a large number of slots/pole/phase
is required to reduce first order harmonics.
• A relationship 0.8 × Qs < Qr < Qs should be adhered to reduce inter
bar current losses by reducing leakage flux.
• For Qr < Qs skewing is insignificant and can be eliminated.
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• Usage of thin laminations (±0.1mm) is recommended for supply frequen-
cies above 300 Hz to reduce core losses.
• The air-gap size can be marginally increased to reduce core and rotor cage
losses without compromising power factor and efficiency significantly.
2.9 Rotor slot design
The main reason why permanent magnet motors are preferred over induction
motors for traction applications is due to higher efficiencies and power den-
sities. For induction motors, the time harmonic of the supply voltage causes
harmonic secondary copper losses in the rotor conductors near the surface.
These losses are a result of the harmonic characteristic of the air-gap flux den-
sity. A solution to this reduced efficiency was proposed in [30]. For square
rotor slots, the default slot configuration is given in Figure 2.18a, while the
suggested solutions are given in Figures 2.18b and 2.18c.
(a) Design A. (b) Design B. (c) Design C.
Figure 2.18: Rotor slot configurations for reduced secondary harmonic losses.
For Design B, by placing the conductor deeper and thus further away from
the air-gap, the harmonic secondary copper losses can be expected to reduce.
This however will increase the leakage inductance on the upper portion of the
slot and reduce the much desired breakdown torque of a traction motor. This
reduction in breakdown torque can be countered with a slot configuration as
seen in Figure 2.18c. This configuration reduces harmonic secondary copper
losses without significantly increasing rotor leakage inductance. The devised
rotor slots are beneficial for the design of a traction motor and was tested
in a FEM software package on a generic IM for confirmation. To isolate the
harmonic secondary copper losses in the rotor bars during a simulation, the
motor should run at synchronous speed under no load. Therefore, no currents
can be induced in the rotor bars and ultimately the torque will be zero. The
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only losses occurring will be due to the magnetic field generated from the
stator. The results are visible in Table 2.8:
Table 2.8: Comparison of simulated core and harmonic secondary copper losses
among different rotor designs.
Slot A B C
Harmonic secondary copper losses [W] 22.7 10.6 9.2
Core losses [W] 37.7 38.5 39.0
Total [W] 60.4 49.1 48.2
Although the core losses marginal increased from Design A to Design C, the
harmonic secondary copper losses were reduced by more than 50%. The total
harmonic losses decreased with 20%. This confirms the increased efficiency
from the suggested rotor slot configurations and can ultimately be implemented
in a final design.
2.10 Design summary
This chapter briefly discussed important design considerations for a traction
induction motor. The information obtained throughout the chapter will be
implemented in the design strategy for traction motors. A high level design of
this strategy can be seen in Fig. 2.19 and will broadly represent the remaining
chapters of this dissertation. The high level summary of the individual steps
throughout the process is given below:
- Step 1: The desired machine specifications are finalized which will serve
as an input for the analytical model to follow.
- Step 2: An analytical model is used to generate a complete set of geo-
metrical dimensions from the desired motor specifications. During this
process, the generated geometric dimensions are tested and validated to
comply with electric and magnetic loadings during machine operation.
The main objective of the analytical model is to instantly generate a
set geometrical dimensions that will give fairly accurate desired motor
performance. The analytical model will be implemented using Matlab
scripts.
- Step 3: The final design generated through the analytical model will be
termed as the Matlab model.
- Step 4: The Matlab model performance will be verified within the RMx-
prt software package. This will ensure a clear understanding of technical
design characteristics.
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- Step 5: Once the Matlab model is verified within RMxprt and any
differences in performance justified, the slightly adapted design will be
termed as the Initial Design. The initial design will be used for opti-
mization purposes.
- Step 6: The Initial design is optimized within an extension of RMxprt
known as the RMxprt Optimetrics package. The optimization duration
will be relatively quick due to reduced population size and initial dimen-
sions being close to convergence values.
- Step 7: The optimized model from the RMxprt Optimetrics package
will be termed as the Base Design.
- Step 8: The Base Design will be tested in a 2D FEM environment to
confirm motor performance. The FEM packages that will be used for
comparison are Maxwell 2D and SEMFEM.
- Step 9: If the FEM comparison is satisfactory and the results are similar,
the Base Design model will be known as the Confirmed Design.
- Step 10: Once Step 9 is reached, some experimental fine tuning can
commence. The influence on performance of the refined design are ex-
pected to be marginal, but beneficial.
- Step 11: After fine tuning, a Final Design is reached. The mechanical
design of the motor can commence for construction and testing.
This design strategy will be implemented and verified for a traction induction
motor. The process will be documented throughout the dissertation where
after conclusions will be made on its effectiveness.
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Figure 2.19: High level process flow diagram of the design strategy.
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Chapter 3
Design process and analytical
model
The design process of an induction motor is rather complex. It is an iterative
process which entails the careful consideration of various parameters for a
quality design. The design of a high efficiency traction motor is a mixture of
art and science. Design optimization will be discussed at a later stage. This
chapter will describe each phase of the design process, as well as important
design considerations.
3.1 Design specifications
As mentioned in Chapters 1 and 2, the design of a small traction induction
motor is needed for this project. This, as well as the remaining design specifi-
cations can be seen below:
• Rated power: Pn = 3 kW;
• Base speed: nb = 1000 rpm;
• Line supply voltage: Vl = 380 V;
• Number of phases: m = 3;
• Phase connection: star;
• Target power factor: PF = 0.75;
• Target efficiency: ηn = 0.85;
• Locked/rated torque ratio: tLR = 2.0;
• Locked/rated current ratio: iLR = 6.0 and;
• Breakdown/rated torque ratio: tBK = 3.0.
36
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For the design of a 3 kW traction motor, the given efficiency and power factor
are reasonable. The emphasis of the design is to achieve a minimum CPSR of
three. As mentioned in Section 2.7, a breakdown/rated torque ratio is related
to the maximum/rated speed ratio. Thus, this ratio will serve as guide to
achieve the required CPSR.
3.2 Design approach
A high level process flow diagram which represents each step in the analytical
model can be seen in Fig. 3.1. The analytical model is adapted from a general
design approach in [5] for traction applications.
1. Design specs, 
initial electric and 
magnetic loading 
values
2. Sizing of 
electrical and 
magnetic circuits
3. Calculation of 
construction and 
geometrical data 
5. Computation of 
magnetisation 
current
6. Computation of 
equivalent circuit 
parameters
7. Computation of 
losses, slip and 
efficiency






















Figure 3.1: Flow chart of the design process [5].
From Fig. 3.1, the design process starts at step (1) on the flow chart with
design specifications and assigned values of current and flux densities. In steps
(2) and (3), the main dimensions such as stator bore diameter Dis, stator
outer diameter Dout, stack length and slots sizes are determined after rotor
and stator currents are calculated. The calculated stator winding wire thick-
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ness is also given. In step (4), the actual current and flux densities are verified.
If the results on the magnetic saturation coefficient for both the stator and
the rotor have not converged, the process restarts at (1). This is an iterative
process whereby both stator and rotor tooth flux values are adjusted until
sufficient convergence is obtained.
If the magnetic saturation of both the rotor and the stator teeth are satis-
factory, step (5) can commence. In this step the magnetization current is
calculated followed by the calculation of equivalent circuit parameters in step
(6). The rated slip Sn, losses and efficiency are calculated in step (7). In step
(8) the locked rotor current and torque, breakdown torque, power factor as
well as the operating temperature of the machine is calculated.
The machine performance is reviewed in step (9) and if found unsatisfactory,
the process returns to step (1). If the process is to be restarted, a new set
of current and flux densities, as well as a new stack aspect ratio is chosen for
another iteration. The inner/outer stator diameter ratio can be adjusted as
well. If the performance is satisfactory, the design can further be optimized
and fine tuned for best possible performance.
3.3 Analytical model
This section dedicated to explain the basic design theory and equations used
in the analytical model.
3.3.1 Main dimensions of stator core
The concept used for the design and determination of the initial machine pa-
rameters is the Dis2L output coefficient method [5]. Based on this method,
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where p1 is the number of pole pairs, KE the EMF coefficient, Co Esson’s con-
stant and τ the pole pitch. The stack aspect ratio is the relationship between
the length of a a machine and its pole pitch. The first step to determine the
main dimensions of the stator core is to choose a reasonable stack aspect ratio
from Table 3.1.
Table 3.1: Stack aspect ratio.
2p1 2 4 6 8




























Figure 3.2: Esson’s constant versus apparent air-gap power.
The EMF coefficient is given by KE = 0.98− 0.005p1, while Esson’s constant
Co can be determined from Figure 3.2 with Sgap known. With all the variables
known for Eq. (3.1), Dis can be calculated. As a result, the calculation of the
stack length L and pole pitch τ follows. The number of slots per pole 3q can be






The larger value for q results in improved performance due to reduced space
field harmonics and a decrease in machine losses. From the optimal lamina-
tion concept, ideal ratios between inner and outer stator diameter are given in
Table 3.2. This allows the calculation of the the stator outer diameter Dout.
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Table 3.2: Inner/outer stator diameter relationship.
2p1 2 4 6 8
Dis
Dout
0.54 - 0.58 0.61 - 0.63 0.68 - 0.71 0.72 - 0.74
The air-gap length g can be calculated from:
g = 0.1 + 0.012Pn
1/3 for 2p1 ≥ 2 (3.5)
This is an initial estimate and might have to be altered due to manufacturing
restrictions at a later stage. Too small air-gap can result in large air-gap field
harmonics which leads to additional losses. If the air-gap is too large, it can
lead to a reduced efficiency and power factor. Air-gap length influence on
performance is discussed in Section 2.6.5.
3.3.2 Stator winding
The number of stator slots Ns can be calculated with:
Ns = 2p1qm (3.6)




. Thus, for any double-layer winding where y < τ , fractional pitch coils
exist. This chorded coil ratio will be implemented and represented fractionally


















The stator winding factor Kw1 is a product of the winding distribution factor
and the pitch factor:
Kw1 = Kq1 ·Ky1 (3.9)
The number of turns per phase W1 is related to the pole flux φ:
φ = αiτLBg (3.10)
Assuming a reasonable value of the tooth saturation factor 1 + Kst, the flux
density shape factor αi and form factor kf can be read from Figure 3.3. A
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Figure 3.3: The pole spanning coefficient αi and form factor kf versus tooth
saturation.
reasonable air-gap flux density value can be determined from the number of
pole pairs:
Bg = (0.65− 0.78)T for 2p1 = 4 (3.11)
From Eq. (3.15) and Figure 3.3 all the unknowns have been determined to
calculate φ. Therefore, the initial number of turns per phase W1(initial) can





With the number of current paths in parallel given by a1, the number of





Once calculated, ns should be rounded to the nearest even number because
there are two distinct coils per slot for double layer winding. Consequently the
actual number of turns per phase can be calculated as W1 = p1qns. The air-
gap flux density can now be recalculated by multiplying the original Bg value
with the turns ratio
W1
W1(initial)







Once again, the number of pole pairs determines the range in which initial
reasonable current densities can be selected from:
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Jcos = (4.0− 7.0)A/mm2 for 2p1 = 2, 4 (3.15)











If dCo > 1mm in lower power induction machines, conductors can be used in






A standard magnetic wire table can be used to determine minimum wire in-
sulation.
3.3.3 Stator slot sizing
The useful slot area Asu is a function of the previously calculated number of
turns per slot ns, number of parallel paths ap and the wire diameter dCo. Gen-
erally for a round wire and a motor of less than 10 kW a fill factor Kfill of 0.4
can be used. For motors larger than 10 kW a conservative fill factor of 0.45






As mentioned earlier, square or trapezoidal slots are ideal for traction drive
applications and will thus be implemented in this analytical model. Figure 3.4
indicates how geometrical dimensions are labelled for implementation in the
analytical model.
There exists some typical values for variables bs0, hs0 and hs1, such as bs0 =
2−4mm ≤ 8×g, hs0 = 0.5−1mm and hs1 = 1−4mm, where g is the air-gap
length and τs the stator slot pitch. Assuming that all the air-gap flux passes





Taking KFe ≈ 0.5 for 0.5mm thick laminations and choosing a reasonable
tooth flux density Bts as seen in Table 2.6, the stator tooth thickness bts can
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Figure 3.4: Stator slot geometrical dimensioning.
be determined. From Figure 3.4, for trapezoidal stator slots the height variable
hs1 is set to zero. The upper slot width is calculated as:
bs1 =
π (Dis + 2hs0 + 2hs1)
Ns
− bs1 (3.21)
where Dis is the stator inner diameter. The lower and upper slot width ratio
is Kwr ≈ 1.5. The lower slot width can be calculated from:
bs2 = bs1Kwr (3.22)






The next objective is to calculate the tooth saturation factor 1 + Kst. This
can be done after the assumption that the rotor and stator tooth saturation
are similar. It is calculated by:










With Bts known, the magnetic field intensity can be retrieved from Figure 3.5
which is required to calculate the stator tooth MMF with:
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Figure 3.5: Lamination magnetization curve.
Fmts = Hts (hs2 + hs0 + hs1) (3.26)
Thus, the stator tooth MMF can now be calculated:
Fmtr = KstFmg − Fmts (3.27)
When comparing Fmts and Fmtr, the values should be close to each other. If
Fmtr  Fmts, it implies that for the initial tooth saturation factor (1 + Kst),
a reduced air-gap flux density Bg is required. The whole design procedure
should restart from Eq. (3.10). Alternatively, the tooth saturation factor can
be iteratively reduced until convergence is reached. If Fmtr ≈ Fmts, the design
process can continue. The stator yoke or back core iron height hcs can be
determined next:
hcs =
Dout − (Dis + 2(hs0 + hs1 + hs2 ))
2
(3.28)





When comparing Bcs with reasonable flux density values such as presented in
Table 2.6 and similar values aren’t achieved, it can be solved with one of the
following methods:
• Increase the stator outer diameter until a reasonableBcs value is achieved.
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• Restart the design process with a larger stack aspect ratio which will
eventually result in a larger bcs and smaller Bcs.
• For applications where efficiency isn’t of utmost importance, the current
density can be increased in order to reduce the slot height hs2.
3.3.4 Rotor slots
The rotor slot design process starts with selecting an adequate amount rotor
slots relative to the stator slots. This was discussed in Section 2.6.3.1 and can





The KI variable is the ratio between the rotor tooth MMF and the stator
tooth MMF. In general the rotor tooth MMF is slightly less, thus KI can be
calculated by:
KI = 0.8 cosφn + 0.2 (3.31)
All the variables from Eq. (3.30) are now known and the rotor bar current
can be calculated. For a high efficiency design, a rotor bar current density is
assumed to be slightly less than that of stator winding (e.g. Jb ≈ 3.5A/mm2).












The end ring current density is generally between 75% to 80% of the rotor





The rotor slot sizing can continue based on the variables defined in Figure 3.6.
The rotor slot pitch τr can be calculated as:
τr =
π (Dis − 2g)
Qr
(3.35)
With a reasonable rotor tooth flux density Btr assumption from Table 2.6, an
estimation of rotor tooth width can determined from:
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The rotor outer diameter is can easily be calculated by:
Dre = Dis − 2g (3.37)
As mentioned in Section 2.6, it’s generally safe to have a rotor slot height to
width ratio Krhw of approximately 3 to reduce skin effect. With this initial






Width the IM being designed with rectangular slots, the lower slot width
br2 = br1. The slot height hr2 can be determined by:
hr2 = br1Krhw (3.39)
With an initial Btr assumed, the magnetic field strength Htr can be found from
Figure 3.5. The rotor teeth MMF can be evaluated as follows:
Fmtr = Htr (hr2 + hr0) (3.40)
When comparing this result with the initial rotor tooth MMF calculated in
Eq. (3.27), a difference of less than 25% is required in order to continue with
the design process. There are multiple ways to address this problem:
• If the initial Fmtr is too large, the given tooth saturation factor (1+Kst),
should be increased. This is a good solution when the PF constraint is
not too high.
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• For a large initial Fmtr, the same efficiency can be maintained by increas-
ing the stator outer diameter.Thus, the whole design process restarts at
Eq. (3.1).
• If initial Fmtr is too small, the Btr should be increased. Thus, the design
process returns to Eq. (3.36).
• Alternatively, the tooth saturation factor (1 + Kst) should be increased
and the design process restarts at Eq. (3.10).
The rotor yoke or back core height hcr can be calculated after a reasonable






Thus, the maximum allowable shaft diameter can easily be calculated with:
Dshaft ≤ Dis − 2g − 2(hr0 + hr2 + hcr) (3.42)
The minimum shaft diameter can be calculated with Eq. (2.2) as discussed in
Section 2.6.4. The end ring outer diameter Der generally between 3mm to
4mm smaller when compared to the rotor outer diameter Dre. The end ring
height b as seen from Figure 3.7 can be calculated as follows:
b = (hr2 + hr0) (3.43)
hr0 + hr2
Figure 3.7: End ring cross section [5].
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3.3.5 Magnetization current
In order to calculate the magnetization current, the magnetization MMF has






+ Fmts + Fmtr + Fmcs + Fmcr
)
(3.45)
Initially a value of Carters coefficient Kc for Eq. (3.25) was assumed. All

















The total Carter coefficient is given by:
Kc = Kc1Kc2 (3.48)
With Bcs and Bcr known, their respective magnetic field strength values Hcs












Ccs,r = 0.88× e−0.4Bcs,r
2
(3.51)
After plugging Eqs. (3.48 - 3.50) into Eq. (3.45), the magnetization MMF Fm
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3.3.6 Resistances and inductances





The total coil length lc of a complete turn includes the core length 2L, as well
as the end connection length 2lend:
lc = 2(L+ lend) (3.55)
Although the end connection length depends on the number of poles, the shape
of the coils, the number of layers and the coil span y, empirical formulas exist.
For 2p1 = 2:
lend = 2y − 0.02 mm (3.56)
The chording factor β is given by y
τ
, with τ being the pole pitch. Therefore y
can easily be calculated with:
y = βτ (3.57)
With y known, lend can be determined. The Copper resistivity (ρCo)20 ◦C at
20 ◦C = 1.78 · 10−8 Ωm. Therefore a new resistivity at assumed operating








Therefore, the stator phase resistance can now be determined in Eq. (3.54).





















The skin effect resistance coefficient for rectangular rotor bars can be simplified
as follow:
Kr = ξ
(sinh 2ξ + sin 2ξ)
(cosh 2ξ − cos 2ξ) ≈ ξ (3.61)
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Therefore, all the variables are known to calculate Rbe. The rotor cage resis-











(λs + λds + λer) (3.65)
The following parameters: λs, λds and λec are slot differential and end connec-



























and for q = 3:
γds = (0.18sinφ1 + 1.24) · 10−2
φ1 = π(6β − 5.5)
(3.69)





(lend − 0.64βτ) (3.70)
All the variables are now known to calculate the stator phase leakage reac-
tance Xsl from Eq. (3.65). Next the rotor bar leakage reactance Xbe will be
calculated:
Xbe = 2πf1µ0L(λrKX + λdrλer) (3.71)
where λr, λdr and λer is the rotor slot, rotor differential and end ring permeance
coefficients respectively. For rectangular rotor slots:
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(sinh 2ξ − sin 2ξ)




Therefore, all the variables are now known and the equivalent rotor bar leakage







For rated speed or slip Sn, both the skin and leakage saturation effects may be
eliminated Kx = Kr = 1. With this adjustment, (Rbe)Sn, (R′r)Sn,(Xbe)Sn and








3.3.7 Losses and efficiency







With the aid of the power flow diagram in Figure 2.6, the summation of losses
are:
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∑
losses = pscl + prcl + pfw + pstray + pcore (3.80)
where pscl represents the stator winding losses:
pscl = 3RsIn
2 (3.81)








The friction and winding losses are given by the following empirical formula:
pfw = 0.012× Pn for p1 = 2 (3.83)
Generally, the stray losses are given by the following equation:
pstray = 0.01× Pn (3.84)
The core losses Pcore consists of fundamental pc1 and harmonic pc2 losses respec-
tively. The fundamental core losses only occurs in the teeth and yoke (pt1, ps1)
of the stator for slip frequencies below 4Hz. The stator teeth fundamental








where p10 is the specific losses in W/Kg at 50Hz and 1 Tesla. In this case, p10
will be between 2 and 3W/Kg. Kt accounts for the core loss augmentation as
a result of mechanical machining. It is related to the quality of the material
and cutting tools used. A factor of Kt = 1.7 will be used. Gt1 represents the
stator tooth weight:
Gt1 = γiron ·Ns · bts(hs2 + hs0) · L ·KFe (3.86)
where γiron represents the sheet metal density. With Bts and f1 known, pt1








with Ky, similar to Kt is factored in due to the influence of machining. The






2 − (Dout − 2hcs)2
]
LKFe (3.88)
All variables are now known to calculate py1. Therefore, the fundamental iron
losses is given by:
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pc1 = pt1 + pt2 (3.89)
The harmonic or tooth flux pulsation core losses pc2 consists of the main stray
loss components and is given by:


























Bps ≈ (Kc2 − 1)Bg
Bpr ≈ (Kc1 − 1)Bg
(3.92)
The rotor teeth weight Gtr can be calculated with:
Gtr = γiron · L ·KFe ·Qr · hr2 · btr (3.93)
All the unknowns have now been determined to calculate pc2. Therefore the
total core losses can now be determined as:
pcore = pc1 + pc2. (3.94)
With all the losses now known, the efficiency η can be calculated with Eq. (3.79).
If the desired efficiency is not achieved, the geometry can be slightly adjusted
by increasing the stator bore diameter and using a smaller current density.
3.3.8 Operation characteristics
The active no-load current I0a is given by the no-load losses as:
I0a =





The rated operating slip Sn is:
Sn =
prcl
Pn + prcl + pfw + pstray
(3.96)
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2 + (Xsl + (Xrl)Sn)2
] (3.98)




2 + (Xsl +Xrl)2
(3.99)





For the design specifications a desired PF, locked rotor torque ratio tLR, locked
rotor current ratio iLR and breakdown torque ratio tBK was given. These
variables can be determined as follow:

















Although any electromagnetic design has to be thermally valid, this section
will briefly investigate the winding temperature. The temperature differential
∆Tcs between the conductors and slot walls have to be determined. This is
followed by the calculation of the frame temperature rise ∆Tfa with respect










For IM with self ventilators placed outside the motor, the air convection coef-
ficient hair[W/m
2K] can be calculated with:
hair = 50; for 2p1 = 4 (3.107)
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The slot insulation thermal conductivity λins with an estimated insulation





The lateral area of the stator slot Als is given by:
Als ≈ (2hs2 + bs2)L ·Qs (3.109)
The frame area Aframe is given by:
Aframe = πDout(L+ τ) (3.110)
All the variables are now known to calculate ∆Tcs and ∆Tfa. Assuming an
ambient temperature Tair of 40 ◦C, the winding temperature can be calculated
with:
Tw = Tair + ∆Tcs + ∆Tfa (3.111)
3.4 Analytical model results
An analytical design model based on the theory described in the previous
sections was implemented in Matlab. The detailed results can be viewed in
Appendix A.1.
As mentioned in Section 2.10, the main objective of the analytical model was
to generate an initial design that will give fairly accurate desired motor per-
formance. For the remainder of this section, a summary of the geometrical
dimensions will be given, electric and magnetic loadings will be discussed and
the accuracy of the model will be investigated.
3.4.1 Initial set of geometrical dimensions
Table 3.3 presents all the geometrical variables required for optimization in the
following chapter. The ANSYS RMxprt software package allows a basic 2D
graphical representation of the designed model. The geometry of the design
can be seen in Figure 3.8.
3.4.2 Electric and magnetic loading
Table 3.4 gives an indication of the electric and magnetic loading values used
in the analytical model. These values where initially assumed, but iteratively
adjusted until stator tooth and rotor tooth EMF values converged. All the
design values are within the recommend ranges as discussed in Sections 2.6.6
and 2.6.7.
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Table 3.3: Analytical model generated geometrical dimensions.
General Description Value [mm]
L Stack length 153.1
g Air-gap width 0.65
Dshaft Shaft diameter 30.0
Stator Description Value [mm]
Dout Outer diameter 190.0
Dis Inner diameter 108.3
hs0 Slot opening height 1.0
hs2 Slot height 22.4
bs0 Slot opening width 3.5
bs1 Slot lower width 4.1
bs2 Slot upper width 6.1
hcs Yoke height 17.4
Rotor Description Value [mm]
hr0 Rotor slot opening height 2.5
hr2 Slot height 11.0
br0 Slot opening width 1.0
br1 Slot upper width 3.7
br2 Slot lower width 3.7
Figure 3.8: Visual representation of Matlab analytical model.
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Table 3.4: Analytical model electrical and magnetic loading.
Flux density [T] Design value Recommended
Stator teeth 1.6 1.4 - 2.1
Stator yoke 1.7 1.4 - 1.7
Air-gap 0.7 0.7 - 0.9
Rotor teeth 1.6 1.5 - 2.2
Rotor yoke 1.4 1.0 - 1.6
Current density [A/mm2] Design value Recommended
Stator slot 4.1 < 6
Rotor bar 3.4 < 7
3.4.3 Accuracy comparison
The required design specifications was indicated in Section 3.1. The traction
motor was designed for a rated power of 3 kW at a rated speed of 1000 rpm.
A comparison between the target and achieved design specifications at rated
conditions can be seen in Table 3.5. The achieved results were reasonably close
to the target results.
Table 3.5: Comparison between target and achieved specifications.
Characteristic Target Achieved
Efficiency% 85.0 83.4
Power factor% 75.0 76.4
Breakdown/Rated Torque ratio 3.0 2.9
Locked/Rated Torque ratio 2.0 1.8
Locked/Rated current ratio 6.0 4.8
In Table 3.6, the performance characteristics achieved by the analytical model
is compared with the results from ANSYS RMxprt. This software requires
a user to supply geometrical dimensions as inputs where-after it generates
motor performance information. It can be seen from Table 3.6 that the perfor-
mance results are reasonably accurate. The biggest difference in performance
is≈ 6.7% for breakdown torque. This is due to marginal differences in slot-
shape coefficients and leakage inductances.
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Table 3.6: Analytical model operation characteristics comparison.
Characteristic Matlab RMxprt
Rated shaft torque [Nm] 29.6 29.3
Breakdown torque [Nm] 85.2 79.5
Starting torque [Nm] 52.5 55.5
Efficiency% 83.4 82.5
Power factor% 76.4 75.7
3.5 Analytical model summary
From Section 6.3, it can be concluded that the analytical model gave fairly
accurate results. The geometrical results presented in Table 3.3 can now be
optimized for improved performance. The aim of the optimization will be to
reach the required target performance. An increase in efficiency and break-
down/rated torque ratio is desired. Due to the calculated initial geometrical
dimension and gained knowledge regarding population size, the optimization
can be expected to reach convergence quite easily. The optimization process





In this chapter the geometrical dimensions which were generated through the
analytical model and verified in RMxprt will be optimized. The optimization
will be conducted within the RMxprt Optimetrics module. The optimized
model performance will be confirmed and finalized within two FEM packages
known as Maxwell 2D and SEMFEM. Once the performance is confirmed, the
design will be experimentally fine tuned for increased performance. By the
end of the chapter a final design will be achieved that will be built and tested
experimentally.
4.2 RMxprt optimetrics
Within ANSYS RMxprt there exists an extension known as the Optimetrics
module. This module adds optimization capabilities through various optimiza-
tion algorithms to RMxprt. The available optimization algorithms include the
Genetic Algorithm (GA), Quasi Newton (QN) and Pattern Search. The Opti-
metrics module incorporates single point optimization. In other words, motor
performance is only optimized at a single operating point. As discussed in
Section 2.7, a wide CPSR relates to the breakdown/rated torque ratio. There-
fore, the torque characteristics will serve as important optimization constraints
optimization for the design of the traction motor. The available optimization
algorithms within the Optimetrics module are discussed below:
4.2.1 Quasi Newton
The Quasi Newton (QN) optimization algorithm is derived from Newton’s
method. It is an iterative and gradient based method for finding the roots of a
twice differentiable function. The solutions include minima, maxima or saddle
points. The method aims to find the roots of a function from a stationary
59
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point by converging through a sequence known as Taylor series expansion. It
involves the implementation of the Jacobian Matrix in search for zero’s or the
Hessian matrix in finding extrema. For the QN method, the Hessian matrix
does not have to be computed. The QN algorithm makes use of the secant
method for root finding of multi dimensional problems.
4.2.2 Pattern Search
The pattern search optimization algorithm does not require a gradient. There-
fore, it can be used in applications where the design function is not differen-
tiable. It aims to find a solution with the smallest error value in a multidimen-
sional analysis of space possibilities. It is however not an iterative method that
converges to the best solution. Generally, it is only implemented in scenarios
where useful approximations are required.
4.2.3 Genetic algorithm
The GA is a heuristic non-gradient based optimization approach inspired by
biological processes such as mutation, cross-over and natural selection. GA
maintains a population of chromosomes, or rather, a set of potential solutions
for a specific problem. The concept is such that through evolution an optimal
solution will be found after succesive generations [31]. GA is powerful and
generates high-quality optimization and solutions to problems that are hard
to solve by conventional optimization techniques Therefore, GA will be used
within RMxprt Optimetrics as optimization algorithm of choice.
4.3 Set-up of design variables
For the optimization process to be successful, care should be taken regarding
variable mapping and sizing constraints. All the variables generated in Table
3.3 will be considered to define slot and overall motor dimensions during the
optimization process. The way in which the stator and rotor slot variables are
geometrically defined in RMxprt Optimetrics is given again in Figure 4.1 for
convenience. It should be noted that hs1, hr1, Rs and Rr are set to zero for
the proposed rectangular slots and will be neglected for the remainder of this
chapter.
4.3.1 Slot sizing constraints
To ensure geometric valid designs regarding rotor and stator slot size opti-
mization, the slots are defined through trigonometry with radial position and
pitch taken into account. This can be visualized in Figure 4.2.
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Figure 4.1: Defining variables of stator and rotor slots for 3 kW motor.
!s,r
!ts,tr
Figure 4.2: Slot width to pitch ratio.
4.3.1.1 Slot width
For both the rotor and the stator slots, the tooth width to slot pitch relation-





where τts,tr is the slot width pitch of the stator and rotor respectively. The
variables τs,r are the slot pitch of the stator and rotor respectively. Rearranging
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By limiting the variable kr < 1 during the optimization process, the risk of
generating a geometric invalid solution is avoided. The optimal rotor slot
width is then iteratively determined by the following equation:





− hcs − hs2 − hs0 − g − hr0 − hr2
)
(4.3)
Similar to the rotor, by limiting ks < 1 during optimization the optimal stator
slot width is determined by:









For both the rotor and the stator, the winding should withstand centrifugal
forces and remain fixed within each slot. This is ensured by introducing a ratio





By limiting kbs,br < 1, semi-closed slots are ensured. This ratio further ensures
valid geometric solutions during each optimization iteration.
4.3.2 Variable mapping
The process of variable mapping is used to relate geometric variables. The aim
is to minimize the total amount of variables used in an optimization process
which will increase the optimization speed. This is done by effectively defining
main geometrical dimensions through a summation of minimum required sub-
variables. For the design of the traction motor the stator outer diameter, as
well as the air-gap length remained fixed at 190mm and 0.65mm respectively.
Further, a minimum shaft diameter is also calculated as discussed in Section
2.6.4. This allows geometrical optimization to be constrained between the
fixed stator outer diameter and shaft diameter. The geometric dimensions are
mapped in Table 4.1.
4.4 Optimization formulation
The objective function for the optimization is given in Eq. (4.6) below:
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Table 4.1: Geometric variable mapping of 3 kW traction motor.
Dimensions Design Variable(s)
Stack length L
Air-gap length g (Fixed)
Shaft diameter Dshaft (Fixed)
Stator Design Variable(s)
Outer diameter Dout (Fixed)
Inner diameter Dout − 2(hcs + hs2 + hs0)
Slot opening height hs0
Slot height hs2
Slot opening width kbsbs1
Slot lower width bs1










Outer diameter Dout − 2(hcs + hs2 + hs0 + g)
Slot opening height hr0
Slot height hr2
Slot opening width kbrbr2
Slot upper width br2













− hcs − hs2 − hs0 − g − hr0 − hr2
where X is the set of design variables, wi is a set of weighting functions and
Gi is a set of penalty functions for constraints. With each optimization itera-
tion motor performance is calculated, as well as the deviation from the design
constraints. The assigned penalties are directly related to the size of the con-
straint deviation. The weighting function for each constraint was chosen as
unity. The optimization constraints and boundaries can be seen in Sections
4.4.1 and 4.4.2 respectively.
4.4.1 Optimization constraints
The constraints considered at a base speed of 1000 rpm for the design of a
traction motor:
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Pout = 3 kW (4.7)
η ≥ 85 % (4.8)
PF ≥ 75 % (4.9)
Tbk ≥ 100Nm (4.10)
Tn ≥ 30Nm (4.11)
where Pout is the output power, η is the efficiency, PF is the power factor,
Tbk is the breakdown torque and Tn is the rated torque. It should be noted
that a CPSR of 3 is realised through this optimization method by having a
breakdown/rated torque ratio of 3 or more.
4.4.2 Optimization boundaries
The boundaries on geometrical variables for the optimization process can be
seen in Table 4.2. Due to the fixed shaft diameter and stator outer diameter,
the optimization had less freedom for variables defined in a radial manner. To
avoid an invalid solution, the sum of radial defined variables hcs, hs2, hs0, g, hr0
and hr2 should be less or equal to the difference between Dout and Dshaft.
Therefore, the upper and lower boundary for each of these variables, as well
as L were chosen as 20% of the original value. Invalid solutions regarding slot
widths were prevented through ratio’s as discussed in Section 4.3.1.
4.4.3 Stator and rotor winding configuration
For the optimization process, the number of stator winding layers, parallel
branches, fill factor and coil pitch remains fixed at 2, 1, 40% and 8 respec-
tively. However, variables such as conductors per slot, number of wire strands
and wire thickness are automatically adjusted according to required perfor-
mance specifications as slot shapes iteratively changes during the optimization
process. For the rotor, the end bar length and end ring width remains fixed
at 15mm and 25mm respectively, while the end ring height is calculated by
multiplying slot height with an optimal ratio of between 1.1 and 1.3.
4.5 Optimization results
This section contains the results of the RMxprt Optimetrics optimization. A
geometric comparison is given in Section 4.5.1 and a performance comparison
in Section 4.5.3. The performance of the optimized design gets verified in Sec-
tion 4.5.4 through FEM in Maxwell 2D. Finally, in Section 4.6 a performance
comparison is made between two FEM packages: Maxwell 2D and SEMFEM.
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Table 4.2: The Matlab generated set of geometrical dimensions with optimiza-
tion boundaries.
General Description Lower [mm] Matlab [mm] Upper [mm]
L Stack length 122.4 153.1 184.0
g Air-gap length - 0.65 -
Dshaft Shaft diameter - 30.0 -
Stator Description Lower [mm] Matlab [mm] Upper [mm]
Dout Outer diameter - 190.0 -
hs0 Slot opening height 0.8 1.0 1.2
hs2 Slot height 18.0 22.4 27.0
ks Pitch ratio 0.1 0.4 0.9
kbs Slot width ratio 0.1 0.8 0.9
bs0 Slot opening width 2.1 3.5 3.7
bs1 Slot lower width 1.9 4.1 5.8
bs2 Slot upper width 4.9 6.1 7.2
hcs Yoke height 13.9 17.4 20.9
Rotor Description Lower [mm] Matlab [mm] Upper [mm]
hr0 Slot opening height 2.0 2.5 3.0
hr2 Slot height 8.8 11.0 13.2
kr Pitch ratio 0.1 0.4 0.9
kbr Slot width ratio 0.1 0.3 0.9
br0 Slot opening width 0.8 1.0 1.2
br1 Slot upper width 1.7 3.7 5.0
br2 Slot lower width 1.7 3.7 5.0
4.5.1 Geometric comparison
The optimized motor geometry will be analysed and discussed in this sub-
section. Figure 4.3 serves as a visual comparison between the original and
optimized model. The optimized geometry variables is given in Table 4.3.
Figures 4.3a and 4.3b represent a section view of the original Matlab ana-
lytical model and the RMxprt Optimetrics model respectively. Although the
presented drawings are not on identical scales, Table 4.3 can be used as ref-
erence. The optimized model has a shallower rotor slot opening and thinner
stator slot opening. The smaller a motor’s leakage reactance, the higher break-
down torque it is capable of achieving. Therefore, a better breakdown torque
can be expected. These predictions will have to be confirmed. Further, the
rotor and stator slots have marginally larger area’s, which will slightly increase
efficiency.
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(a) Matlab analytical model. (b) RMxprt Optimetrics.
Figure 4.3: Visual comparison between the original Matlab analytical model
and the RMxprt optimetrics model.
Table 4.3: Geometrical comparison of the initial Matlab analytical model and
RMxprt Optimetrics model.
General Description Matlab [mm] Optimetrics [mm]
L Stack length 153.1 168.2
g Air-gap width 0.65 0.65
Dshaft Shaft diameter 30.0 30.0
Stator Description Matlab [mm] Optimetrics [mm]
Dout Outer diameter 190.0 190.0
Dis Inner diameter 108.3 111.5
hs0 Slot opening height 1.0 1.0
hs2 Slot height 22.4 20.9
bs0 Slot opening width 3.5 2.5
bs1 Slot lower width 4.1 4.8
bs2 Slot upper width 6.1 7.4
hcs Yoke height 17.4 17.4
Rotor Description Matlab [mm] Optimetrics [mm]
hr0 Slot opening height 2.5 2.3
hr2 Slot height 11.0 11.1
br0 Slot opening width 1.0 1.1
br1 Slot upper width 3.7 3.9
br2 Slot lower width 3.7 3.9
hcr Yoke height 25.0 26.7
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4.5.2 Winding information of optimized motor
A summary of the optimized stator and rotor winding parameters can be
seen in Table 4.4. The stator and rotor resistance and inductance values,
which was determined analytically within RMxprt, will be imported into FEM
packages such as Maxwell 2D and SEMFEM for verification of the traction
motor performance.
Table 4.4: General stator and rotor winding data.
Stator winding Value
Terminal resistance per phase 1.926 Ω
End leakage inductance per phase 1.400 mH
Turns per phase 192
Number of parallel branches 1




End resistance between adjacent conductors 2.991 µΩ
End inductance between adjacent conductors 3.080 nH
End length of bar 15mm
Height of end ring 17.4mm
Width of end ring 25mm
4.5.3 Performance comparison
The pre-verified performance of the optimized model is given in Table 4.5.
The performance complies well with the optimization constraints as discussed
in Section 4.4.1. Besides the rated torque constraint, all other optimization
constraints were met. As mentioned in Section 2.7, a well designed traction
motor has a CPSR of 3 or greater. Further, the output power should remain at
the required power output throughout the whole CPSR. This was achieved and
can be seen in Figure 4.4. From the figure it can be seen that a maximum speed
of 2962 rpm was achieved which is 1.3% within the target speed of 3000 rpm.
A CPSR of 2.9 was achieved and is acceptable. These results are preliminary
and will have to be verified by a FEM package such as Maxwell 2D.
4.5.4 Maxwell 2D verification
The Maxwell 2D FEM package was used to verify the optimized design through
a transient response at 1000 rpm and 3000 rpm respectively. Figure 4.5 shows
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Table 4.5: RMxprt optimetric pre-verified performance results.
Characteristic at 1000 rpm Matlab model Optimized model
Output power [kW] 3.0 3.0
Efficiency % 82.5 85.1
Power factor % 75.7 75.0
Starting torque [Nm] 55.5 81.0
Output torque [Nm] 29.3 28.4
Breakdown torque [Nm] 79.3 100.2
Breakdown/Rated Torque ratio 2.7 3.5
Characteristic at 3000 rpm Matlab RMxprt Opt
Output power [kW] 3.0 3.0
Output torque [Nm] 9.6 9.7
(a) Output power.
(b) Output torque.
Figure 4.4: Power and torque characteristics for the CPSR.
the Maxwell 2D model. The magnetic and electric loading characteristics are
visually represented in Appendix C.1. For the remainder of this section a com-
parison will be made between the RMxprt Optimetrics model and the Maxwell
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2D FEM model. If the results are reasonably close, it can be concluded that
a successful design approach was used.
Figure 4.5: Maxwell 2D FEM model.
4.5.4.1 Output power
The analytical result from Figure 4.4a can be verified with a transient analysis
in Maxwell 2D. The results can be seen in Figure 4.6. The average output
power is 3012W at both 1000 rpm and at 3000 rpm. The output power at
rated speed and maximum speed is within 1% of the required 3 kW speci-
fication. Therefore, it can be concluded that Maxwell 2D results verify the
RMxprt results and partly verify that a CPSR of 3 was achieved. These re-
sults correspond to traction motor characteristics as discussed in Sections 2.4
and 2.7. To fully validate the successful design of a wide flux weakening range,
the output torque results have to be investigated.
(a) output power at 1000 rpm. (b) output power at 3000 rpm.
Figure 4.6: Maxwell 2D transient power analysis.
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4.5.4.2 Output torque
As discussed in Sections 2.4 and 2.7, a top design criteria for a traction motor
is a wide flux weakening range. This allows a more gradual decrease in output
torque throughout the required CPSR. From Figure 4.4a, an output torque of
28.5Nm at rated speed and 9.7Nm at maximum speed was achieved. Similar
as in Section 4.5.4.1, the results have to be verified with two FEM transient
plots at rated and maximum speed. The Maxwell 2D results of the torque
characteristics can be seen in Figure 4.7.
(a) Output torque at 1000 rpm. (b) Output torque at 3000 rpm.
Figure 4.7: Maxwell 2D transient torque analysis.
From Figure 4.7, it can be seen that an output torque of 28.6Nm was achieved
at a rated speed of 1000 rpm. At a maximum speed of 3000 rpm an output
torque of 9.7Nm was achieved. Therefore, the torque characteristics achieved is
within 1% of the analytical results and thus verifies that a wide flux weakening
range was achieved.
4.5.4.3 Efficiency
The Maxwell 2D FEM result can be seen in Figure 4.8. An efficiency of 87.8%
was achieved. This difference of 3% when compared to the result from Table
4.5 can be attributed to the windage, friction and stray losses, which was not
accounted for in Maxwell 2D.
4.5.4.4 Power factor
Maxwell 2D does not give the motor power factor as a default output variable.
However, the instantaneous current, flux and voltage values are available. As
a result, a dq0 transformation can be used to model the power factor and
validate the RMxprt result. The power factor was calculated as follows [28]:
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· [−Sasin(ωt)− Sbsin(ωt− 120o)− Scsin(ωt+ 120o)] (4.13)
where S represents a stator quality to be transformed. For this application, it
represents instantaneous current and voltage values. The a, b and c subscripts
represent the stator phase quantities, while the d and q subscripts represent
the direct and quadrature axes.
Once the transformation is complete, the current and voltage transformation















PowerFactor = cos (αdq − βdq) (4.16)
From Figure 4.9 the achieved results can be seen. The achieved PF is 73.6%,
which is 1.4% lower than the optimized model in Table 4.5. Therefore, the
achieved PF is acceptable and satisfactory.
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 4. DESIGN OPTIMIZATION 72
Figure 4.9: Maxwell 2D power factor.
4.5.4.5 Maxwell 2D conclusion
From all the results presented in Section 4.5.4 it can be concluded that the
optimized performance is verified. A CPSR of 2.9 was achieved which is rea-
sonably close to the desired target of 3 and is deemed acceptable. The FEM
results of Maxwell 2D will be confirmed through SEMFEM and is presented
in Section 4.6.
4.6 SEMFEM verification
The aim of this section is to compare the transient analysis of Maxwell 2D
with SEMFEM for the optimized design. The SEMFEM version of the opti-
mized model is represented in Figure 4.10. The magnetic loading can be seen
in Appendix C.2. The FEM performance comparison is given in Table 4.6 for
the optimized design.
The biggest difference for the FEM comparison is 2.1% for the PF. This is
within acceptable margins and validates Maxwell 2D. It can be concluded that
the suggested design approach is capable of generating a traction motor with
acceptable performance.
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Figure 4.10: Maxwell 2D FEM model.
Table 4.6: FEM performance comparison between the Maxwell 2D model and
the SEMFEM for the optimized model.
Characteristic at 1000 rpm Maxwell 2D SEMFEM
Output power [kW] 3.0 3.0
Efficiency % 87.9 87.5
Power factor % 73.6 75.2
Output torque [Nm] 28.6 29.2
Characteristic at 3000 rpm Maxwell 2D SEMFEM
Output power [kW] 3.0 3.0
Output torque [Nm] 9.7 9.8
4.7 Fine tuning of optimized design
For manufacturability the optimized design had to be slightly adapted due to
reduced costs, fixed material sizes, ease of assembly and experimental purposes.
These geometric changes are only marginal and a comparison between the
optimized and fine tuned design will be made to discover if any significant
performance changes occur. These changes are discussed in Sections 4.7.1 and
4.7.2
4.7.1 Geometrical changes
A geometric comparison between the optimized and adapted design is given in
Table 4.7. For general motor sizing, the stack length was reduced to 160mm
which is a 5% reduction in length. With the stator outer diameter remaining
fixed, the stack aspect ratio remains approximately identical and no major
performance characteristic changes will occur. The stator slot size changes
marginally. The slot opening was increased to ease the winding installation.
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Although this might negatively influence air-gap flux harmonics it improves
manufacturability of the windings. The winding characteristics remained iden-
tical. The rotor slot size was marginally adjusted to fit the closest available
copper bars on the market. The rotor slot opening height was slightly increased
for the experimental slot designs as discussed in Section 4.7.2.
Table 4.7: Geometrical comparison between the optimized and adapted design.
General Description Optimized [mm] Adapted [mm]
L Stack length 168.2 160.0
g Air-gap length 0.65 0.65
Dshaft Shaft diameter 30.0 30
Stator Description Optimized [mm] Adapted [mm]
Dout Outer diameter 190.0 190
hs0 Slot opening height 1.0 1.0
hs2 Slot height 20.9 22.5
bs0 Slot opening width 2.5 4.0
bs1 Slot lower width 4.8 5.0
bs2 Slot upper width 7.4 7.0
hcs Yoke height 17.4 17.2
Rotor Description Optimized [mm] Adapted [mm]
hr0 Slot opening height 2.3 2.5
hr2 Slot height 11.1 10.0
br0 Slot opening width 1.1 1.2
br1 Slot upper width 3.9 3.5
br2 Slot lower width 3.9 3.5
4.7.2 Rotor slot profile
As discussed in Chapter 2.9, changing the rotor slot such as Design C in Figure
2.18c it is proven through FEM analysis to increase efficiency by reducing har-
monic copper losses. Due to RMxprt Optimetrics not accounting for harmonic
secondary copper losses during optimization, the slot shape of DesignC will
be implemented in the adapted design. The final design or prototype motor
can be seen in Figure 4.11 with the changes implemented.
4.7.3 Winding information of prototype motor
Due to stator and rotor winding information being altered due to the minor
changes of the stator and rotor slots, updated winding information is given in
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 4. DESIGN OPTIMIZATION 75
Figure 4.11: Final design of the traction motor.
Table 4.8. The rotor and stator winding resistance and inductance parameters
are once again included into Maxwell 2D to verify motor performance. The
remaining information is given for construction purposes.
Table 4.8: General stator and rotor winding data.
Stator winding Value
Terminal resistance per phase 1.979 Ω
End leakage inductance per phase 1.700 mH
Turns per phase 204
Number of parallel branches 1




End resistance between adjacent conductors 2.243 µΩ
End inductance between adjacent conductors 3.894 nH
End length of bar 15mm
Height of end ring 16.25mm
Width of end ring 25mm
4.7.4 Prototype performance
To understand how the geometrical changes influenced motor performance, a
FEM simulation was completed in Maxwell 2D which will be used for com-
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parison. The power, torque, efficiency and power factor results are presented
in Sections 6.6.1.1, 6.6.1.2 and 6.6.1.3 respectively. The comparison will be
presented in Section 4.7.5.
4.7.4.1 Power
The power characteristics for the prototype motor are given in Figures 4.12
and 4.13. It can be seen that the output power remained at 3 kW throughout
the flux weakening range. The markers at every 500 rpm in Figure 4.12 will be
used as reference when compared the measured results of the prototype motor.
Figure 4.12: RMxprt power-speed curve during the CPSR.
(a) Output power at 1000 rpm. (b) Output power at 3000 rpm.
Figure 4.13: Maxwell 2D transient power analysis of prototype motor.
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 4. DESIGN OPTIMIZATION 77
4.7.4.2 Torque
The torque characteristics for the prototype motor are given in Figure 4.15.
The results look reasonable and similar to what is expected. Similar to that
of Figure 4.14, the markers in Figure 4.14 will be used as reference when
compared to the measured results of the prototype motor.
Figure 4.14: RMxprt torque-speed curve during the CPSR.
(a) Output torque at 1000 rpm. (b) Output torque at 3000 rpm.
Figure 4.15: Maxwell 2D transient torque analysis of prototype motor.
4.7.4.3 Efficiency and power factor
The efficiency and power factor are given in Figure 4.16. The performance
comparison will be presented in the following section.
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(a) Efficiency at 1000 rpm. (b) PF at 1000 rpm.
Figure 4.16: Maxwell 2D transient analysis of efficiency and power factor of
the prototype motor.
4.7.5 Performance comparison
The FEM performance comparison for the optimized model and the prototype
model to be built and tested is given in Table 4.9. The complete design sheet
comparison is available in Appendix B.1. The power and torque character-
istics at both base and maximum speed remained similar. The power factor
increased slightly by 0.5%. However, the efficiency reduced by approximately
3%. Although this is not ideal, it is still deemed as acceptable performance
for a traction motor. A compromise is made between manufacturability and
performance.
Table 4.9: Maxwell 2D performance comparison between the optimized model
and the prototype model.
Characteristic at 1000 rpm Optimized Prototype
Output power [kW] 3.0 3.0
Efficiency % 87.9 84.9
Power factor % 73.6 74.1
Output torque [Nm] 28.6 28.7
Characteristic at 3000 rpm Optimized Prototype
Output power [kW] 3.0 3.0
Output torque [Nm] 9.7 9.3
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 4. DESIGN OPTIMIZATION 79
4.7.6 Magnetic and electric loading
The magnetic and electric loading for the prototype motor is given in Table
4.10. All the values are reasonably close or within the recommend range which
indicates a quality design. The flux lines, flux density and current density
during transient analysis can be viewed in Figure 4.17.
Table 4.10: Prototype electrical and magnetic loading.
Flux density [T] Design value Recommended
Stator teeth 1.4 1.4 - 2.1
Stator yoke 1.3 1.4 - 1.7
Air-gap 0.8 0.7 - 0.9
Rotor teeth 1.5 1.5 - 2.2
Rotor yoke 0.5 1.0 - 1.6
Current density [A/mm2] Design value Recommended
Stator slot 6.4 < 7
Rotor bar 5.8 < 6
4.8 Optimization summary
The aim of this chapter was to finalize a traction motor design that could be
built and tested. This was achieved by optimizing the model generated by
the analytical model through a non-gradient search based algorithm known as
the GA. Due to the CPSR being related to torque characteristics, the torque
constraints played an important role in achieving the objective CPSR of 3.
However, due to manufacturing limitations, cost and availability of specific
material sizes required the design had to be optimally fine-tuned. Marginal
changes were made to increase manufacturability and to accommodate fixed
material sizes locally available within a time constraint. This was done without
sacrificing optimal performance to a major extent with a comparison given. In
addition, an experimental rotor slot shape was introduced due to its perceived
benefits. The performance of the prototype motor is acceptable for a traction
motor and will therefore be built and tested to verify the results.
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Mechanical design and testing of a
prototype motor
5.1 Introduction
A design strategy for traction motors was used to develop a prototype motor
as discussed in Chapters 1 - 4. The developed prototype traction motor will be
constructed and experimentally evaluated. This chapter aims to discuss the
mechanical design and assembly, as well as the testing of the prototype motor.
5.2 Mechanical design
The prototype traction motor incorporated a frameless design. These designs
are becoming more popular due to reduction in torsional losses and a de-
crease in weight, thus creating higher torque densities. Further, the frameless
motor leads to greater design flexibility [32], [33]. The finned stator design
was adapted for increased heat transfer. An isometric and section-view of
the frameless designed traction motor can be seen in Figure 5.1. It should
be noted that these drawings do not include stator windings. The complete
drawing pack with part labels can be viewed in Appendix D.
5.2.1 Assembly and construction
To visualize and understand how the different components integrate and con-
nect to each other, the assembly will be explained first. The motor core consists
of eight slots aligned in the axial direction and tangent to the outer surface of
the stator. A detailed view of these slots can be seen in Fig. 5.8. It was found
that costs could be reduced by the inclusion of the rectangular cutaway which
allows continuous laser cutting motion. The stator core is compressed between
two inner end-plates via four threaded rod and nut assemblies. Its further held
in position between two outer end-plates via four threaded rod, nut and bush
81
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(a) Prototype motor isometric view.
(b) Prototype motor section view.
Figure 5.1: Autocad Inventor drawings of prototype traction motor.
assemblies. The bushing increases rigidity and serves as a spacer between the
core and outer end-plate for winding purposes. The rotor core is press-fitted
onto the shaft and kept fixed via a key-way between the shaft shoulder and a
circlip. For testing purposes, one or both outer end-plates can be bolted onto
a vertical frame. With extra holes on the outer end plates, flanges can also be
bolted to the motor for mountings on horizontal surfaces. For the remainder
of this sub-section the construction of the motor will be presented.
5.2.2 Stator core construction
The stator core construction is depicted in Figure 5.2. Each sub-figure rep-
resents a step during the construction process. The purposefully created jig
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for stacking alignment is depicted in Figure 5.2a. The jig was designed to ac-
commodate the core and extended rods. With the rods being kept stationary
vertically, the insertion of the inner end plate and laminations could commence.
The rods prevented any skewing while laminations were stacked. Figure 5.2b
depicts the stacking process during the early stages. Laminations were iter-
atively added and compressed until the correct stack length was achieved as
depicted in Figure 5.2c. Figure 5.2d shows how the jig was pressed out of the
core. The complete stator core before and after winding is depicted in Figures
5.2e and 5.2f respectively. More winding details are given in Section 5.2.3.
(a) Jig. (b) Stacking. (c) Compression.
(d) Jig removal. (e) Stack. (f) Windings.
Figure 5.2: Stator core assembly.
5.2.3 Winding
Details regarding the stator winding configuration of the prototype motor will
be presented in this section.
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5.2.3.1 Three-phase connection
The motor was wound in such a manner that 6 coil ends were available. This
allows for wye or delta three-phase winding configurations. For the devel-
oped prototype motor a wye winding configuration is implemented. Figure
5.3a indicates how the wire ends are labelled. Figure 5.3b shows wire connec-
tions with L1, L2 and L3 representing terminal connections To realize the wye
configuration, wire ends 4, 5 and 6 are connected forming the neutral of the
winding. Figure 5.3c displays a simplified diagram of the wye-configuration.
(a) Wire set-up. (b) Wire connections. (c) Wye connection.
Figure 5.3: Winding configuration.
5.2.3.2 Phase distribution
The winding phase distribution is given in Table 5.1. The table only represents
half the stator due to symmetry. For the 3-phase, 4-pole, 36-slot traction
motor a double-layer winding with a coil pitch of 8 was used. In addition, 34
conductors per slot were used to reach the required fill factor of 37.4%.
Table 5.1: Phase distribution of stator windings.
Slot 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19/1
Top A A A -C -C- -C B B B -A -A -A C C C -B -B -B A
Bottom A A -C -C -C B B B -A -A -A C C C -B -B -B A A
5.2.3.3 Phase resistance
To ensure that the three phases are balanced, the stator phase resistance should
be identical or reasonably close to calculated values in ANSYS RMxprt. The
analytically calculated stator phase resistance across terminals from ANSYS
RMxprt is R1 = 1.98 Ω. A DC test was completed to measure each phase
resistance respectively. The terminal resistance across each phase is given in
Table 5.2.
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Table 5.2: Winding phase terminal resistances.
Phase A Phase B Phase C
2.030 Ω 1.998 Ω 1.953 Ω
From Table 5.2 it can be seen that the stator phase resistances are reasonably
close to the target resistance with an average value of R1 = 1.99 Ω as mentioned
in Table 4.8. Thus, the windings are deemed correct and balanced.
5.2.4 Rotor core
The construction of the rotor core is presented in Figure 5.4. Similar to the
stator, the rotor construction started by creating a jig to keep the shaft upright
for stacking purposes as seen in Figure 5.4a. With the shaft upright a shaft-
spacer was inserted before the stacking commenced. Once the stacking was
completed, the stack was compressed with the addition of a second shaft spacer
and a circlip. The rotor bars were carefully inserted into the stack as seen in
Figure 5.4c with an end ring inserted and aligned below the stack. With the
first end ring already in position and all the rotor bars inserted, the second
end ring was pressed onto the bars to complete the rotor core assembly as
seen in Figures 5.4d and 5.4e. The rotor core was then placed on a lathe as
seen in Figure 5.2f to ensure complete alignment of end rings for balanced
centrifugal forces. The end rings were then welded to the rotor bars to ensure
conductivity and rigidity. Finally, the rotor was placed inside the stator and
positioned between the two outer end plates.
5.2.5 Rotor and stator assembly
The final phase of the prototype motor assembly commenced with press-fitting
the bearings onto either end of the shaft where-after the rotor was placed
inside the stator. Bushings were placed over the outer rods which extends
from the stator. The outer end plates were aligned with the four extending
outer rods and shaft at either end of the motor, where-after it was tightly
bolted compressing the core. The complete prototype motor assembly can be
seen in Figure 5.5.
5.3 Deflection analysis
For experimental testing of the traction motor where only either end of the
motor is bolted to a vertical frame, deflection becomes extremely important
due to the small air-gap length of 0.65mm. Any deflection that would result
in a non-uniform air-gap length would hamper with machine operation. To
ensure smooth motor operation, strong materials and an inherent rigid design
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(a) Jig. (b) Stacking. (c) Bars.
(d) End Ring. (e) Rotor. (f) Turned.
Figure 5.4: Rotor core assembly.
was implemented. A deflection test was completed to verify the design. The
weight of the motor alone is 32 kg, with a total assembly weight of 43.3 kg. For
this analysis, the total assembly weight was considered. To compensate for the
stator windings which were not included in the Autocad model, an external
point force was added to compensate for the reduction of 5 kg in total weight.
The stress analysis reveals a deflection in the vertical direction in the centre
of the stack of approximately 0.02mm. The biggest displacement of 0.03mm
is naturally furthest away from the mounting plate. This analysis verifies an
acceptable design regarding mechanical rigidity for vertical mountings.
5.4 Fin experimental set-up
The available space around the circumference of the stator made heat transfer
fins an interesting addition to the project. The fin length was restricted in
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(a) General view of assembly. (b) Close-up view of assembly.
Figure 5.5: Complete prototype assembly.
Figure 5.6: Rigidity test of motor assembly.
a radial direction to be within the outer circumference of the axial core rod
slots. This allowed the addition of heat transfer fins at no additional manufac-
turing cost. The minimum thickness was chosen to ensure stiffness of the fin.
This avoided the deformation of a fin under compression of the core rods. It
should be noted that there was no formal optimization completed to achieve
an optimal fin shape due to being beyond the scope of the work.
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5.4.1 Fin performance calculation
Similar to Ohm’s law, electrical circuits can be used as an analogy for heat
transfer calculations. The temperature at any point in a thermal circuit rep-
resents the electrical voltage, heat flow is represented by current and thermal
resistance by resistors [26]. The heat transfer calculation was simplified by
taking the Matlab analytical model’s estimated winding temperature of 80 ◦C,
ambient temperature of 40 ◦C and creating a thermal circuit between the two
temperatures in a radial direction as seen in Figure 5.7.
Figure 5.7: Simplified thermal circuit.
With Tw and Tair representing the winding and ambient air temperatures re-
spectively. The heat transfer characteristics can be determined once the ther-
mal resistances are known. The detailed results can be viewed in Appendix
E. The Nomex paper thermal resistance Rpaper, steel thermal resistance Rsteel













where variables lp,s represent the radial length through which heat is trans-
ferred per material, kp,s represent the thermal conductivity coefficients per
material, Ap,s,sur the cross sectional area through which heat is transferred
and hair is the convectional heat transfer coefficient. The initial rate of heat




= 37.0 W (5.4)
Seeing that the rate of heat transfer is constant, the temperature at the stator
surface Tsur can be calculated with:
Tsur = Q̇1Rconv + Tair = 78.7
◦C (5.5)
As can be seen from Eq. (5.5), the reduction in heat from the winding to the
stator surface is not significant. For enhanced heat transfer, the model was
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designed as a frame-less machine with a finned outer surface. A detailed view
of the fin dimensions can be seen in Fig. 5.8.
Figure 5.8: Added fins on stator surface.
To determine the heat transfer efficiency of the proposed fin design, the fol-






with m being a fin shape-specific variable, h the height of the fin and t rep-
resenting the thickness of the fin. After assuming convection from the fin tip,
the equivalent fin length lc with an insulated tip is calculated with:
lc = l + t/2 (5.7)
where l is the actual fin length and t is the fin thickness. Finally, the fin




= 99 % (5.8)
With a fin efficiency of 99% and a reasonable number of nfin = 64 evenly





where Aunfin is the total surface area between fins, Afin is the total surface
area of fins and Anofin is the original total stator outer surface area without
added fins. From Eq. (5.9) it was calculated that the total outer surface area
was increased by a factor of 3.34. Finally, the increased heat transfer from the
stator surface through the fins to the ambient air can be calculated with:
Q̇2 = ηfinhairAfinnfin(Tsur − Tair) = 94.4 W (5.10)
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Therefore, it can be inferred that the addition of the fins significantly increases
the heat dissipation and cooling of the traction motor.
5.5 Equivalent circuit parameters
The equivalent circuit parameters were measured and calculated after no-load
and locked-rotor tests performed. The no-load test was completed at rated
frequency, while the breakdown torque measurements were taken at 50Hz.
The effect testing at 50Hz has on equivalent circuit reactance parameters are
accounted for by including a ratio of frated/ftest into related calculations. A
diagram representing the set-up for both the experiments can be viewed in
Figure 5.9. The two-watt-meter method was used to measure three-phase
input power. A Voltmeter was connected between two phases and an ammeter
was connected to a phase. Flanges were bolted on the outer end plates of the
prototype motor where after the motor was bolted on a test bench. For the
locked-rotor test, a wrench was tightly clamped against the shaft to ensure
zero rotation. The measurements of the no-load and locked-rotor tests are









Figure 5.9: Set-up for equivalent circuit parameter measurements.
Table 5.3: No-load and locked-rotor measurements.
Parameter No-Load Locked-Rotor
VL [V] 380 90
IL [A] 5.2 7.55
P1 [W] -720 40
P2 [W] 1000 600
Pin [W] 280 640
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5.5.1 Calculation of equivalent circuit parameters






with V φnl being the phase no-load voltage and VL the measured line to line





= Xm +X1 (5.13)
When X1 is calculated from the locked-rotor measurements, Xm can be calcu-















The locked-rotor resistance can be calculated as follow:
Rlr = |Zlr|cosθ (5.17)
= R1 +R2 (5.18)
Thus, with R1 known, R2 can easily be calculated. Due to the test being
conducted at 50Hz and the rated frequency being 34.7Hz the frequency ratio





= X1 +X2 (5.20)
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5.5.2 Results
A relationship exists between how Xlr is divided between X1 and X2 accord-
ing to the rotor design. For the prototype motor Xlr is divided as 0.35X1 and
0.65X2. The chosen reactance ratio is an average between the National Elec-
trical Manufacturers Association (NEMA) class B and class C rotor designs.
These two classes were most similar to that of the prototype motor rotor slots.
These results, as well as the calculated values from ANSYS RMxprt and the
Danfoss VSD are presented in Table 5.4. It can be seen that all three sets
of circuit parameters are in good agreement. The leakage inductance of the
Danfoss VSD measurements are slightly higher and will have a negative influ-
ence on the expected breakdown torque. This difference in leakage reactance
can be due to the method in which the Danfoss VSD determines the circuit
parameters.
Table 5.4: Circuit parameter comparison.
Parameter RMxprt Danfoss Measured
R1 [Ω] 1.98 2.26 1.99
X1 [Ω] 1.50 2.84 1.41
R2 [Ω] 1.57 1.87 1.80
X2 [Ω] 2.75 3.42 2.61
Xm [Ω] 40.25 40.51 40.53
5.5.3 Estimated torque production
From the measured circuit parameters, the estimated torque-speed character-
istics can easily be determined once the primary side of the equivalent circuit





Figure 5.10: Thevenin equivalent circuit.
The conversion and torque calculation can be completed as follows:
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R21 + (X1 +Xm)
2
(5.21)




R1 + j(X1 +Xm)
(5.22)
= Rth + jXth (5.23)
with Rth and Xth being the real and imaginary components of Zth respectively.








)2 + (Xth +X2)2]
(5.24)
From Eq. (5.24) the torque-speed curves were calculated for the circuit param-
eters as measured in Table 5.4. The results are presented in Figure 5.11. The
torque-speed curve is very sensitive to changes in rotor resistance R2 and rotor
reactance X2. For example:
• A decrease in R2 shifts the torque-speed curve towards the right (max-
imum speed) reducing the starting torque while keeping the breakdown
torque constant.
• An increase in R2 shifts the torque-speed curve towards the left (zero
speed) increasing the starting torque while keeping the breakdown torque
constant.
• An increase in X2 shifts the entire torque-speed curve downward, reduc-
ing starting and breakdown torque by roughly the same magnitude.
• A decrease in X2 shifts the entire torque-speed curve upward, increasing
starting and breakdown torque by roughly the same magnitude.
When combing changes for both these variables in addition to stator side
parameters in the torque-speed equation, breakdown torque at different speeds
is possible. Although all three sets of circuit parameters are similar, their
respective effect on the torque-speed curve will be of notice. At rated speed
the output torque is identical for all sets of measurements. The breakdown
torque is similar for the ANSYS RMxprt and the measured circuit parameters.
As expected, the breakdown torque of the Danfoss measured circuit parameters
are lower due to the higher measured leakage inductances.
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Figure 5.11: Estimated torque production from circuit parameters.
5.6 Experimental set-up and test procedures
A diagram representing the the test bench set-up can be viewed in Figure 5.12.
The set-up is similar to that of the no-load and locked-rotor configuration. Two
additional ammeters where added to measure the remaining phase currents.
A torque sensor is connected between the shaft of the IM and a dynamometer
load cell which will serve as the load. The load of the dynamometer can be
adjusted with the aid of a DC current source. Additionally, the dynamometer
is connected to a DC motor. From this test set-up, the following tests will be
completed:
1. Load tests between 500 rpm and 3000 rpm with 500 rpm increments be-
tween measurements. The measurements taken at each increment will
give insight regarding the power and torque characteristics. With the
output torque, output power and speed given by the torque sensor, in-
put power, phase currents and line to line voltage will be measured with
instrumentation as depicted in Figure 5.12a. With the input and output










2. Externally driven test between 500 rpm and 3000 rpm with 500 rpm incre-
ments between measurements. For this test the IM will be disconnected
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from a power source and be driven through the DC motor. This allows
the measurement of mechanical losses, which is the only form of energy
dissipated, through the torque sensor.
3. Breakdown torque measurement test. The measurements will be at a
fixed frequency and voltage, from where the load of the dynamo will
gradually be increased until the breakdown torque is reached. The torque











(a) Test set-up diagram.
(b) Actual test set-up.
Figure 5.12: Test bench set-up for prototype motor.
5.7 Test results
The measurements of the various tests as mentioned in Section 5.6 will be
presented in this section.
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5.7.1 Load tests
The output torque, power and speed measured by the torque sensor during
each speed increment can be seen in Figure 5.13. The sampling period during
the measurements were different, therefore, the torque ripple will be more
evident during shorter samples. The electrical measurements, as well as the
performance of the traction motor is grouped in Table 5.5. It should be noted
that each performance characteristic presented in Table 5.5 is the average
value measured during test samples. An oscilloscope was used to measure the
sinusoidal output voltage and current from the PEC. A FFT was completed
for the current signal to investigate harmonic content. As expected, there
were 3rd and 5th order harmonics visible at speeds of 1500 rpm and above. The
frequency domain of the supplied current at each measurement is visible in
Figure 5.14. The original oscilloscope measured signals are given in Appendix
F. For each measurement, the fundamental frequency was close to the expected
supply frequency.
Further, for maximum speed, the measurements were taken at 2909.25 rpm.
This was due to excessive vibrations which led to inaccurate readings at higher
speeds. These vibrations could possibly be the result of a slightly unbalanced
rotor, rigidity of the design or a resonant frequency being entered. This mea-
surement speed is within 3% of the desired 3000 rpm and deemed expectable.
Table 5.5: Full-load test measurements.
Increment [rpm] 500 1000 1500 2000 2500 3000
Speed [rpm] 506.11 1002.74 1502.99 1998.74 2485.15 2909.25
Pout [kW] 1.60 3.05 3.07 2.89 3.12 3.12
Tout [Nm] 30.18 29.00 19.54 13.81 12.01 10.25
Efficiency [%] 71.52 81.41 80.92 80.31 73.68 58.75
Power factor [%] 79.67 74.19 81.02 81.25 89.55 83.80
VL [V] 210.00 380.00 400.00 408.00 408.00 408.00
Ia [A] 7.60 7.60 6.80 6.20 6.70 7.50
Ib [A] 7.90 7.90 6.90 6.30 6.90 7.50
Ic [A] 7.70 7.50 6.60 6.30 6.50 7.30
Iavg [A] 7.73 7.67 6.77 6.27 6.70 7.43
P1 [kW] 1.60 2.74 2.60 2.44 2.64 3.04
P2 [kW] 0.64 1.00 1.20 1.16 1.60 1.36
Pin [kW] 2.24 3.74 3.80 3.60 4.24 4.40
Idyno [A] 1.88 1.68 1.17 0.92 0.83 0.78
Vdyno [V] 5.40 4.90 3.30 2.50 2.40 2.30
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Figure 5.13: Torque sensor measurements during rated load tests at various
speeds.
5.7.2 Power and torque characteristics
From the measurements recorded in Table 5.5, it was possible to plot discrete
points over power-speed and torque speed curves generated in ANSYS RMxprt
in Sections 4.14 and 4.12. This comparison between analytical and measured
performance is presented in Figure 5.15. From the figure, it can be seen that
the discrete points fit the expected curves reasonably well throughout the flux
weakening range. The stable measurement taken at 2909.3 rpm was within 2%
of the maximum predicted speed of 2961.2 rpm.
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Figure 5.14: Fast Fourier transformations of supplied current through PEC at
various speeds.
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Figure 5.15: Power and torque characteristics during the flux weakening range.
5.7.3 Mechanical losses
The electrical measurements in Table 5.3 taken during the no-load test gave
insight of the stator-copper-losses, as well as the rotational losses. With the
input power known, the stator copper losses and rotational losses can be deter-
mined. The mechanical loss measurements taken during the externally driven
tests are presented in Figure 5.16. From the figure it can be seen that the
mechanical loss Pmech at rated speed is approximately 70W. With rotational
and mechanical losses known, the core loss at rated speed could be determined.
This is summarized in Table 5.6. The predicted ANSYS RMxprt no-load core
loss and rated speed core loss values are 56.7W and 51.3W respectively. The
















Figure 5.16: Measured mechanical losses.
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Table 5.6: Calculation of core loss at rated speed.
No-load Equation Value
Pin P1 + P2 280.0 W
Pscl 3I2R1 163.3 W
Prot Pin - Pscl 116.7
Mechanical losses Equation Value
Pcore Prot - Pmech 46.7 W
5.7.4 Breakdown torque
The breakdown torque measurement is important to verify with FEM pre-
dicted values. According to ANSYS RMxprt, the phase current required for
a rated frequency of 34.7Hz at breakdown torque is 31.1A. This exceeds the
maximum output current from the Danfoss VSD. To overcome this, the proto-
type motor was connected to the grid. As a result, the motor could be applied
with the required current at 380V, but at a frequency of 50Hz. This implies
the achievable breakdown torque is now 52.75Nm. The measured results com-



















Figure 5.17: Breakdown torque measurement.
The maximum measured breakdown toque achieved is 48.70Nm, which is ap-
proximately 10% less than the expected value. This is satisfactory and further
validates the expected motor performance.
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5.8 FEM comparison
A comparison at rated speed and maximum speed between Maxwell 2D results
and the measured results of the prototype motor is given in Table 5.7.
Table 5.7: Comparison between FEM model and measured performance of
prototype motor.
Characteristic at 1000 rpm Maxwell 2D Measured Difference
Output power [kW] 3.01 3.05 1.67%
Efficiency% 84.90 81.41 -3.49%
Power factor% 74.06 74.19 0.13%
Output torque [Nm] 28.70 29.00 1.05%
Characteristic at 2909.3 rpm Maxwell 2D Measured Difference
Output power [kW] 3.12 3.12 0%
Output torque [Nm] 10.24 10.25 < 0.01%
Since the maximum speed measurement taken at 2909.3 rpm within the CPSR,
the Maxwell 2D simulation was completed at the same speed. From Table 5.7
it can be concluded that the prototype motor performed as expected, which is
an indication of a well designed motor.
5.9 Test summary
The Chapter documented the mechanical design, construction and testing pro-
cedures of the prototype motor. The assembly process of both the stator and
rotor was given in detail. A deflection analysis was completed within Autocad
Inventor and confirmed that the motor could be vertically mounted for test
procedures. An experimental fin set-up was discussed which mathematically
increased heat dissipation by approximately 100W.
For the testing, the measured equivalent circuit parameters were similar to
that of ANSYS RMxprt. Load tests were conducted discretely at 500 rpm in-
crements. The measurements matched the expected torque-speed and power-
speed curves from ANSYS RMxprt. At rated speed, measured performance
was very similar to that of Maxwell 2D. For maximum speed measurements,
performance were reasonably close to expected performance and deemed sat-
isfactory. Measured core losses were similar to expected losses from ANSYS
RMxprt. Further, the breakdown torque test could only be completed at 50Hz,
but was within 10% of the expected value of Maxwell 2D. Finally, FEM com-
parisons were made within Maxwell 2D at rated and maximum speed. From
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all the tests completed throughout this Chapter it can be concluded that the
motor performed as expected and thus validated the estimations of ANSYS
RMxprt and Maxwell 2D.
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Chapter 6
Design of a large prototype motor
6.1 Introduction
Leading up to this chapter, a design approach was developed and implemented
in the design of a 3 kW prototype traction motor. The measured performance
compare reasonably well to the predicted results. The aim of this chapter
is to test the effectiveness of this design approach for a large traction motor
for locomotive applications. Additionally, an adapted version of the design
strategy that incorporates voltage management will be tested.
6.2 Specifications
The design specifications for the larger traction motor are listed as follows:
• Rated power: Pn = 500 kW;
• Base speed: nb = 1500 rpm;
• Line supply voltage: Vl = 3300 V;
• Number of phases: m = 3;
• Phase connection: wye;
• Target power factor: PF = 0.85;
• Target efficiency: ηn ≥ 0.90 and;
• Constant power speed range of ≥= 3.0.
6.3 Initial design
Similar to Chapter 3, the analytical model was used, but slightly adjusted to
generate an initial design for optimization. The detailed results can be viewed
103
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in Appendix A.2. For this section, an initial design with its performance will
be given, as well as electric and magnetic loading values towards the end.
6.3.1 Chosen slot and winding configuration
The slot and winding details for both the rotor and the stator are given in
Table 6.1. With a required CPSR of 3, the maximum speed is thus 4500 rpm.
Typically, traction induction motors have 2 - 4 pole-pairs. For simplicity,
the same pole and slot combinations of the 3 kW induction motor are used
for the large traction motor design study. With this slot combination the
effect of torque ripple and noisy operation is mitigated. This was verified
with the testing of the prototype motor. Double layer windings were used
with a fractional winding factor of 8/9 to reduce harmonic distortion and high
frequency losses.









Type of winding Form wound
Rotor Value
Slots 30
Type of winding Squirrel cage
With rectangular open stator slots, form-wound coils can be used for increased
fill factor and uniform temperature distribution. The implemented stator and
rotor slots, as well as their defining variables are shown in Figure 6.1.
6.3.2 Initial set of geometrical dimensions
The initial design geometry produced by the analytical model is given in Table
6.2. These are the required variables for optimization in the following section.
The initial design is visually represented in Figure 6.2.
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Figure 6.1: Defining variables of stator and rotor slots for the 500 kW motor.
Figure 6.2: Initial design generated through analytical model.
6.3.3 Performance
The traction motor was designed for a rated power of 500 kW at 1500 rpm.
The generated Matlab model was simulated within ANSYS RMxprt for veri-
fication. The original and verified results are compared to target performance
specifications in Table 6.3. The analytical model was developed for low to
medium voltage induction motors with random wound coils. Therefore, there
exists minor discrepancies for leakage inductance calculations between results.
However, the verified performance within ANSYS RMxprt proved that the
design satisfied all target performance specifications. The torque-speed and
power-speed curves of the initial design can be viewed in Figure 6.3, which
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Table 6.2: Initial set of geometrical dimensions for the large traction motor.
General Description Value [mm]
L Stack length 488.1
g Air-gap length 1.1
Dshaft Shaft diameter 110.0
Stator Description Value [mm]
Dout Outer diameter 657.6
Dis Inner diameter 414.3
hs0 Slot opening height 1.0
hs1 Wedge height 3.0
hs2 Slot height 42.8
bs0 Slot width 14.3
bs1 Wedge width 17.1
hcs Yoke height 68.3
Rotor Description Value [mm]
hr0 Rotor slot opening height 2.0
hr2 Slot height 35.3
br0 Slot opening width 2.0
br1 Slot upper width 11.8
br2 Slot lower width 11.8
hcr Yoke height 113.8
ler End bar length 38.9
ber End ring width 35.7
her End ring height 37.2
shows a CPSRof only 2 is achieved and thus, the motor enters the slip-limited
region after 3000 rpm. Therefore, the breakdown torque can be optimized for
further improvements.
Table 6.3: Comparison between target and achieved specifications.
Characteristic Target RMxprt Matlab
Power [kW] 500 500 500
Efficiency [%] 90.00 95.6 94.6
Power factor [%] 85.00 91.2 81.0
Breakdown/Rated Torque ratio 3.00 3.3 1.3
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(a) Power-speed curve.
(b) Torque-speed curve.
Figure 6.3: CPSR of initial design.
6.3.4 Electric and magnetic loading
Table 6.4 gives a rough indication of the electric and magnetic loading values
generated though the analytical model. These values were initially assumed,
but iteratively adjusted until stator tooth and rotor tooth MMF values con-
verged. All the design values are within the recommend ranges as discussed in
Sections 2.6.6 and 2.6.7.
6.4 Optimization
The optimization formulation for the large traction motor is discussed with
the associated constraints and boundaries in this section.
6.4.1 Optimization formulation
Similar slot sizing constraints and variable mapping techniques as discussed in
Sections 4.3.1 and 4.3.2 were used for the optimization of the large traction
motor. However, with regards to variable mapping, the outer diameter of the
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 6. DESIGN OF A LARGE PROTOTYPE MOTOR 108
Table 6.4: Analytical model electrical and magnetic loading
Flux density [T] Design value Recommended
Stator teeth 1.3 1.4 - 2.1
Stator yoke 1.0 1.4 - 1.7
Air-gap 0.7 0.7 - 0.9
Rotor teeth 1.3 1.5 - 2.2
Rotor yoke 1.5 1.0 - 1.6
Current density [A/mm2] Design value Recommended
Stator slot 5.0 < 6
Rotor bar 5.5 < 7
stator was not a fixed value. This allowed the stator outer diameter to be
calculated as the sum of the radially defined variables. It should be noted that
the shaft diameter, air-gap length and wedge height remained fixed. Variable
mapping can be viewed in Table 6.5. In addition, the objective function for
the optimization algorithm involves minimizing deviation from optimization
constraints as discussed in Section 4.4 and is given by Eq. (4.6).
6.4.2 Optimization constraints
The constraints considered at a base speed of 1500 rpm for the design of the
large traction motor:
Pout = 500 kW (6.1)
η ≥ 90 % (6.2)




where Pout is the output power, η is the efficiency, PF is the power factor, Tbk
is the breakdown torque and Tn is the rated torque.
6.4.3 Optimization boundaries
The boundaries of geometrical variables can be seen in Table 6.6. With only
the shaft diameter, air-gap length, wedge height and wedge/slot width ratio
being constants, the optimization had significantly more freedom than the op-
timization of the smaller 3 kW traction motor. The upper and lower boundary
for each of the radially defined variables, as well as the stack length were chosen
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Table 6.5: Geometric variable mapping of 500 kW traction motor.
Dimensions Defining Variable(s)
Stack length L
Air-gap length g (Fixed)
Shaft diameter Dshaft (Fixed)
Stator Defining Variable(s)
Outer diameter Dshaft + 2(hcr + hr2 + hr0 + g + hs0 + hs1 + hs2 + hcs)
Inner diameter Dshaft + 2(hcr + hr2 + hr0 + g)
Slot opening height hs0
Slot height hs2
Wedge height hs1 (Fixed)
Slot opening width kbsbs1










Outer diameter Dshaft + 2(hcr + hr2 + hr0)
Slot opening height hr0
Slot height hr2
Slot opening width kbrbr2
Slot upper width br2









as 25% of the original value. The only exception is for slot opening heights,
which was set to 50% of the original value. The width ratios were chosen from
experience. Minimizing or maximizing width ratios result in invalid solutions.
6.5 Optimized design
This section contains details regarding the geometry and winding information
of the optimized design. Figure 6.4 serves as a visual comparison between the
original and optimized model. The optimized geometry variables are given in
Table 6.7. The winding information is given in Table 6.8 and will be imported
into Maxwell 2D for FEM verification of the design.
After viewing Table 6.7 it can be noted that the stack length increased sig-
nificantly. This will increase the breakdown torque and improve the CPSR.
In addition, the rotor slot opening width had a large increase. This will re-
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Table 6.6: The Matlab generated set of geometrical dimensions with optimiza-
tion boundaries.
General Description Lower [mm] Initial [mm] Upper [mm]
L Stack length 366.1 488.1 610.1
g Air-gap length - 1.1 -
Dshaft Shaft diameter - 110.0 -
Stator Description Lower [mm] Initial [mm] Upper [mm]
hs0 Slot opening height 0.5 1 1.5
hs1 Wedge height - 3 -
hs2 Slot height 32.1 42.8 53.5
ks Pitch ratio 0.3 0.4 0.5
kbs Wedge width ratio - 0.85 -
bs0 Slot opening width 9.3 14.3 16.7
bs1 Wedge width 10.9 17.1 19.6
hcs Yoke height 57.7 74.9 96.1
Rotor Description Lower [mm] Initial [mm] Upper [mm]
hr0 Slot opening height 1.0 2.0 3.0
hr2 Slot height 26.5 35.3 44.1
kr Pitch ratio 0.1 0.4 0.9
kbr Slot width ratio 0.2 0.3 4
br0 Slot opening width 0.8 2.0 23.8
br1 Slot upper width 7.1 11.8 14.1
br2 Slot lower width 7.1 11.8 14.1
hcr Yoke height 85.4 113.8.0 142.3
(a) Intial design. (b) Optimized design.
Figure 6.4: Visual comparison between the original and optimized design.
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Table 6.7: Comparison between the optimized and initial geometry of the large
traction motor.
General Description Initial [mm] Optimized [mm]
L Stack length 488.1 401.4
g Air-gap length 1.1 1.1
Dshaft Shaft diameter 110.0 110.0
Stator Description Initial [mm] Optimized [mm]
Dout Outer diameter 657.0 657.9
Dis Inner diameter 414.3 447.4
hs0 Slot opening height 1.0 1.0
hs1 Wedge height 3.0 3.0
hs2 Slot height 42.8 38.6
bs0 Slot opening width 14.3 15.7
bs1 Wedge width 17.1 18.5
hcs Yoke height 68.3 62.7
Rotor Description Initial [mm] Optimized [mm]
hr0 Slot opening height 2.0 2.6
hr2 Slot height 35.3 33.3
br0 Slot opening width 2.0 10.0
br1 Slot upper width 11.8 13.8
br2 Slot lower width 11.8 13.8
hcr Yoke height 113.8 131.8
duce leakage flux and further increase the breakdown torque. The stator outer
diameter and slot sizes remained similar.
6.6 Performance
The provisional results of the optimized model can be viewed in Table 6.9.
The detailed design sheet can be viewed in Appendix B.2. These results will
be verified within Maxwell 2D in Section 6.6.1. From Table 6.9, the following
can be noted. Firstly, the efficiency and power factor remained similar, but the
breakdown/rated torque ratio increased from 3.4 to 4.8. As a result, the CPSR
increased from 2.0 to approximately 2.8 between 1500 rpm and 4345 rpm. Al-
though this is an improved CPSR, it still struggles to reach the desired CPSR
of 3. It is clear that a design with a wide CPSR will inevitably lead to an
over-sized induction machine. Therefore, an adapted strategy will be tested in
Section 6.7 to reduce motor size and increase the CPSR. The performance will
be verified for a comparison between the original and adapted strategy. The
torque-speed and power-speed curves of the optimized design can be viewed
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Table 6.8: General stator and rotor winding data.
Stator winding Value
Terminal resistance per phase 0.209 Ω
End leakage inductance per phase 0.970 mH
Turns per phase 108
Number of parallel branches 1




End resistance between adjacent conductors 0.936 µΩ
End inductance between adjacent conductors 0.001 µH
End length of bar 34.02mm
Height of end ring 41.32mm
Width of end ring 37.35mm
in Figures 6.5 and 6.7 in the following Section.
Table 6.9: Provisional performance results of 500 kW motor.
Characteristic at 1500 rpm Initial Optimized
Output power [kW] 500.0 500.0
Efficiency % 95.6 95.3
Power factor % 91.2 90.9
Output torque [kNm] 3.2 3.1
Breakdown torque [kNm] 10.1 14.6
Breakdown/Rated Torque ratio 3.4 4.8
Characteristic at 4345 rpm Initial Optimized
Output power [kW] 270.5 500.0
Output torque [kNm] 0.6 1.1
6.6.1 Maxwell verification
For FEM verification of the optimized model performance, the design will be
simulated in Maxwell 2D. Similar as to the 3 kW motor, a comparison will be
made regarding output power, torque, efficiency and power factor.
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6.6.1.1 Power
The power characteristics for the RMxprt Optimetrics design are given in
Figures 6.5 and 6.6 respectively. It can be observed that the output power at
1500 rpm and 4345 rpm reflect the expected results.
Figure 6.5: RMxprt power-speed curve.
(a) Output power at 1500 rpm (b) Output power at 4345 rpm
Figure 6.6: Maxwell 2D transient power analysis of the 500 kW motor.
6.6.1.2 Torque
The torque characteristics for the designed motor are given in Figure 6.7.
Torque results at 1500 rpm and 4345 rpm look reasonable and similar to what
is expected.
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Figure 6.7: RMxprt torque-speed curve.
(a) Output torque at 1500 rpm. (b) Output torque at 4345 rpm.
Figure 6.8: Maxwell 2D transient torque analysis of the 500 kW motor.
6.6.1.3 Efficiency and power factor
The efficiency and power factor are given in Figure 6.9. The FEM efficiency is
2.7% higher than the expected value from Table 6.9. This is due to Maxwell
2D not accounting for friction, stray and windage losses. The power factor in
Maxwell 2D is 0.2% higher than the expected value. These results resemble
the expected performance reasonably accurate.
6.6.2 Electric and magnetic loading
Finally, the electrical and magnetic loading values are presented in Table 6.10.
The presented electric and magnetic loading values are very close to or within
recommended ranges. The flux lines and flux density of the optimized design
during transient analysis can be viewed in Figures 6.10a and 6.10b respectively.
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(a) Efficiency at 1500 rpm. (b) PF at 1500 rpm.
Figure 6.9: Maxwell 2D transient analysis of efficiency and power factor of the
500 kW motor.
Table 6.10: Electrical and magnetic loading values of the 500 kW motor.
Flux density [T] Design value Recommended
Stator teeth 1.3 1.4 - 2.1
Stator yoke 1.6 1.4 - 1.7
Air-gap 0.9 0.7 - 0.9
Rotor teeth 1.4 1.5 - 2.2
Rotor yoke 0.8 1.0 - 1.6
Current density [A/mm2] Design value Recommended
Stator slot 5.3 < 6
Rotor bar 4.1 < 7
6.7 Adapted approach
Although the verified design of the 500 kW motor presented earlier is theoreti-
cally valid for traction applications, the physical size is quite large and therefore
expensive to manufacture. An adapted approach through voltage management
is tested to achieve similar performance, but at reduced size. The implemented
approach leading up to this section is described by Eq. (2.12) and repeated here
for convenience:
kbωb = kmωm (2.12)
where kb and km are the the ratio’s between maximum and rated torque at
base speed ωb and maximum speed ωm within the CPSR. For the adapted ap-
proach, the base point of operation is moved from 1500 rpm to 2250 rpm, but
at the same rated voltage of Vb=3300V and output power of Pout=500 kW.
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(a) Flux lines
(b) Flux density
Figure 6.10: Magnetic characteristics during transient analysis of RMxprt Op-
timetrics design.
The goal of achieving a CPSR of 3 between 1500 rpm and 4500 rpm has re-
mained the same. By designing for a base point within the original CPSR,
a smaller overloading capability is required and thus reduces the motor size.
Figure 6.11 can be used to aid in understanding the derivation.
From the base point of and within the CPSR at fixed voltage, Eq. (2.12) can
be implemented. Assuming km = 1 at a maximum speed of 4500 rpm, kb can









which translates to the minimum required breakdown torque at the base point.
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Figure 6.11: Adapted design approach.
To achieve an output power of 500 kW at 1500 rpm, the ratio kbi between
maximum and rated torque at 1500 rpm has to be determined. This can be
done by implementing Eq. (2.12) between the initial base speed ωi and new
base speed ωb, but accommodating the linear voltage difference between the

















It can be seen that the required overload capability for the design becomes more
reasonable. The aim of this strategy is to reduce the overall manufacturing
cost, which is proportional to the physical machine size, but without sacrificing
performance. A new model was generated through the analytical model for an
output power of Pout=500 kW and line voltage of Vl=3300V at a base speed
of nb = 2250 rpm. This design is presented in the following section.
6.7.1 Initial design for adapted approach
The initial geometry for the adapted design approach of the 500 kW motor
is given in Table 6.11. The slot and winding configuration presented for the
original design in Table 6.1 is implemented here as well for consistency. The
design can be viewed in Figure 6.12. Similar to previous designs generated
through the analytical model, detailed design information can be viewed in
Appendix A.3. The geometrical dimensions presented in Table 6.11 will serve
as starting point for the optimization.
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Figure 6.12: Initial design generated through analytical model.
Table 6.11: Initial set of geometrical dimensions for the adapted design of the
large traction motor.
General Description Value [mm]
L Stack length 426.6
g Air-gap length 1.1
Dshaft Shaft diameter 110.0
Stator Description Value [mm]
Dout Outer diameter 574.8
Dis Inner diameter 362.1
hs0 Slot opening height 1.0
hs1 Wedge height 3.0
hs2 Slot height 40.6
bs0 Slot width 13.5
bs1 Wedge width 17.0
hcs Yoke height 61.8
Rotor Description Value [mm]
hr0 Rotor slot opening height 2.0
hr2 Slot height 33.5
br0 Slot opening width 2.0
br1 Slot upper width 11.2
br2 Slot lower width 11.2
hcr Yoke height 89.5
ler End bar length 33.7
ber End ring width 33.8
her End ring height 35.5
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6.7.2 Performance
The generated design was simulated in RMxprt to verify performance. As
mentioned in Section 6.3.3, the analytical model was developed for low to
medium voltage induction motors with random wound coils. As a result, there
are some discrepancies regarding leakage inductance calculations that can in-
fluence power factor and breakdown torque. However, the RMxprt verified
performance of the generated design proved that the analytical model was
capable of producing a design that meets desired performance targets. The
performance can be viewed in Table 6.12.
Table 6.12: Comparison between target and achieved specifications.
Characteristic Target RMxprt Matlab
Power [kW] 500 500 500
Efficiency [%] 90.00 96.03 94.96
Power factor [%] 85.00 90.1 80.56
Breakdown/Rated Torque ratio 3.00 4.48 1.34
From Table 6.12 it can be concluded that a successful initial design is gener-
ated. The design will be optimized for further improvements.
6.7.3 Electric and magnetic loading
Electric and magnetic loading values are given in Table 6.13. All the values
are reasonable, thus the design process can continue.
Table 6.13: Analytical model electrical and magnetic loading values of the
adapted 500 kW motor.
Flux density [T] Design value Recommended
Stator teeth 1.3 1.4 - 2.1
Stator yoke 1.4 1.4 - 1.7
Air-gap 0.9 0.7 - 0.9
Rotor teeth 1.5 1.5 - 2.2
Rotor yoke 0.9 1.0 - 1.6
Current density [A/mm2] Design value Recommended
Stator slot 4.7 < 6
Rotor bar 3.9 < 7
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6.8 Optimization of adapted design
For the optimization of the adapted 500 kW motor design, identical formula-
tion techniques were implemented as for the original design discussed in Section
6.4.1. However, changes were made regarding constraints and boundary con-
ditions. These changes will be briefly discussed in the following sub-sections.
6.8.1 Optimization constraints for adapted design
The constraints considered at a new base speed of 2250 rpm for the adapted
design of the traction motor are as follows:
Pout = 500 kW (6.7)
η ≥ 90 % (6.8)




where the only difference between the original and adapted constraints is the
reduced breakdown torque ratio. Seeing that the new base speed is at 2250 rpm
and 500 kW is required at 4500 rpm, the minimum required breakdown torque
ratio constraint is set at TBK ≥ 2.0. This increases the possibility of a reduced
motor size.
6.8.2 Optimization boundaries for adapted design
Similar to the original design, the shaft diameter, air-gap length, wedge height
and wedge/slot width ratio remained fixed for the optimization. The upper
and lower boundary for radially defined variables were 25% of the original
value, except for slot opening heights which were set to 50%. The stack
length variable was given more freedom with boundaries being set to 40% of
the original value. This was in an attempt reduce the stack length. Slot width
ratio’s were chosen with experience gained to avoid invalid solutions during
optimization iterations. The boundaries are given in Table 6.14.
6.9 Optimized design with adapted approach
The optimized geometry and winding information are given in this section,
with the optimized performance presented in the following section. A visual
comparison between the initial and optimized design is given in Figure 6.13.
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Table 6.14: The Matlab generated set of geometrical dimensions with opti-
mization boundaries for adapted design strategy.
General Description Lower [mm] Initial [mm] Upper [mm]
L Stack length 255.6 426.6 596.4
g Air-gap length - 1.1 -
Dshaft Shaft diameter - 110.0 -
Stator Description Lower [mm] Initial [mm] Upper [mm]
hs0 Slot opening height 0.5 1 1.5
hs1 Wedge height - 3 -
hs2 Slot height 30.5 40.6 50.8
ks Pitch ratio 0.35 0.5 0.9
kbs Wedge width ratio - 0.85 -
bs0 Slot opening width 9.4 13.5 24.4
bs1 Wedge width 11.1 16.2 28.7
hcs Yoke height 46.4 61.8 77.3
Rotor Description Lower [mm] Initial [mm] Upper [mm]
hr0 Slot opening height 1 2.0 3
hr2 Slot height 25.1 33.5 41.9
kr Pitch ratio 0.3 0.4 0.9
kbr Slot width ratio 0.1 0.2 0.9
br0 Slot opening width 1.1 2.0 1.8
br1 Slot upper width 9.1 11.1 27.3
br2 Slot lower width 9.1 11.1 27.3
hcr Yoke height 67.1 89.5 111.9
The optimized geometry variables are given in Table 6.15. From these results,
It can be noted that the majority of the optimized variables are reasonably
close to the initial values. This is a good indication that the initial model was
close to an optimal design. The generated stator and rotor winding details for
the optimized motor is given in Table 6.16. This information will be used for
the FEM verification of the optimized performance.
6.10 Performance of adapted design
The torque curves for various frequencies throughout the flux weakening range,
as well as the torque-speed and power-speed curves of the optimized design
can be viewed in Figures 6.14. The overloading capability at 1500 rpm is suf-
ficient to produce the required 500 kW output power. Although the minimum
CPSR requirement was 2 from the 2250 rpm base point, a CPSR of 2.6 was
achieved. Thus, if the output power of 500 kW can be verified at 1500 rpm and
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(a) Intial design. (b) Optimized design.
Figure 6.13: Visual comparison between the original and optimized design for
the adapted design strategy.
Table 6.15: Geometry of the RMxprt optimetrics model for the adapted design
strategy.
General Description Initial [mm] Optimized [mm]
L Stack length 426.6 468.1
g Air-gap length 1.1 1.1
Dshaft Shaft diameter 110.0 110.0
Stator Description Initial [mm] Optimized [mm]
Dout Outer diameter 574.8 571.7
Dis Inner diameter 362.1 362.6
hs0 Slot opening height 1.0 0.9
hs1 Wedge height 3.0 3.0
hs2 Slot height 40.6 37.1
bs0 Slot opening width 13.5 14.1
bs1 Wedge width 17.0 16.6
hcs Yoke height 61.8 63.5
Rotor Description Initial [mm] Optimized [mm]
hr0 Slot opening height 2.0 1.5
hr2 Slot height 33.5 36.8
br0 Slot opening width 2.0 5.8
br1 Slot upper width 11.1 10.1
br2 Slot lower width 11.2 10.1
hcr Yoke height 89.5 87.0
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Table 6.16: General stator and rotor winding data for adapted motor.
Stator winding Value
Terminal resistance per phase 0.146 Ω
End leakage inductance per phase 0.510 mH
Turns per phase 84
Number of parallel branches 1
Number of conductors per slot 14
Coil pitch 8
Fill factor % 72.1
Rotor winding Value
End resistance between adjacent conductors 0.943 µΩ
End inductance between adjacent conductors 0.011 µH
End length of bar 41.4 mm
Height of end ring 48.2 mm
Width of end ring 32.1 mm
5817 rpm, a CPSR of 3.9 is possible. The provisional performance character-
istics at 1500 rpm, 2250 rpm and 5817 rpm are given in Table 6.17.
Table 6.17: Provisional performance results of 500 kW motor.
Characteristic 1500 rpm 2250 rpm 5817 rpm
Output power [kW] 500.0 500 500
Output torque [kNm] 3.2 2.1 0.8
Line voltage [kV] 2.2 3.3 3.3
Efficiency % 94.5 95.9 -
Power factor % 91.4 90.9 -
From the results in Table 6.17, the adapted design strategy is partially vali-
dated. With the designed overload capability, the motor was capable of pro-
ducing the required torque at 1500 rpm to achieve the desired output power of
500 kW. Marginal improvements were made for performance at 1500 rpm with
the PF increasing by 0.85%, while the efficiency reduced by 0.13%. These
results will be verified in Maxwell 2D in the following sections.
6.10.1 Power
A FEM simulation was completed at 1500 rpm, 2250 rpm and 5817 rpm to ver-
ify the analytical performance given in Table 6.17. These results are given in
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Figure 6.14: The CPSR of the adapted design at 2250 rpm.
Figure 6.15. It can be seen that an output power of 500 kW was achieved at
all the operating points of interest. As a result, an effective CPSR of 3.9 was
achieved through voltage management.
6.10.2 Torque
The FEM results of the output torque at the various operation points of inter-
est are given in Figure 6.16. From these results, the adapted design strategy
is verified. With a rated torque of 2.1 kN at 2250 rpm, the motor was capable
of producing an output torque of 3.2 kN at 1500 rpm with a reduced voltage
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(a) Power at 1500 rpm. (b) Power at 2250 rpm.
(c) Power at 5817 rpm.
Figure 6.15: Maxwell 2D verification of power characteristics for the adapted
design through the CPSR.
of 2200V due to its overloading capabilities.
6.10.3 Efficiency and power factor
The FEM efficiency and power factor at 1500 rpm and 2250 rpm are given in
Figure 6.17. At both speeds, the efficiency is approximately 2.5% higher than
the expected values. As has been mentioned for previous efficiency calculations
in Maxwell 2D, the friction, stray and windage losses are not accounted for.
For the power factor calculation, the achieved performance is reasonably close
to the expected results.
6.10.4 Electric and magnetic loading
The electrical and magnetic loading values of the adapted design are presented
in Table 6.18 and are very close to or within recommended ranges. The flux
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(a) Torque at 1500 rpm. (b) Torque at 2250 rpm.
(c) Torque at 5817 rpm.
Figure 6.16: Maxwell 2D verification of torque characteristics for the adapted
design.
lines and flux density during operation at 1500 rpm can be seen in Figures
6.18a and 6.18b respectively.
6.11 Design comparison
With the original and adapted design approach, 2 reasonable 500 kW designs
were generated. A brief comparison will be made regarding these designs fol-
lowed by a discussion. The comparison is given in Table 6.19.
From Table 6.19 it can be concluded that a smaller motor with better perfor-
mance was achieved through the adapted design approach. The output power,
efficiency, power factor and torque are similar at a rated speed of 1500 rpm.
However, the CPSR is increased from 2.8 to 3.9 through voltage management.
This was achieved with a design that is approximately 145 kg lighter. With
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(a) Efficiency at 1500 rpm. (b) Efficiency at 2250 rpm.
(c) Power factor at 1500 rpm. (d) Power factor at 2250 rpm.
Figure 6.17: Maxwell 2D verification of efficiency and power factor for the
adapted design.
Table 6.18: Electrical and magnetic loading values of the adapted 500 kW
motor
Flux density [T] Design value Recommended
Stator teeth 1.3 1.4 - 2.1
Stator yoke 1.2 1.4 - 1.7
Air-gap 0.8 0.7 - 0.9
Rotor teeth 1.4 1.5 - 2.2
Rotor yoke 0.9 1.0 - 1.6
Current density [A/mm2] Design value Recommended
Stator slot 4.7 < 6
Rotor bar 3.9 < 7
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(a) Flux lines
(b) Flux density
Figure 6.18: Magnetic characteristics during transient analysis of RMxprt Op-
timetrics design.
the adapted design being lighter, less material is required for manufacturing
and it is a more cost-effective design.
6.12 Design summary
The knowledge and experience gained through the design of the 3 kW mo-
tor was used to theoretically design a 500 kW traction motor. The analytical
model was used to generate an initial design for optimization. The optimized
design was FEM verified within Maxwell 2D. The performance of the traction
motor was satisfactory with relatively high efficiency and power factor values
achieved. In addition, a CPSR of 2.8 was achieved. However, this design
seemed fairly large and an adapted design strategy was derived to reduce the
motor size and possibly increase the CPSR. The adapted strategy made use
of effective voltage management to reduce machine size. FEM verified results
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Table 6.19: Comparison between designs developed through the original and
adapted design strategy of the 500 kW motor.
Performance at 1500 rpm Original Adapted
Output power [kW] 500.0 500
Efficiency % 98.0 97.0
Power factor % 91.1 91.9
Output torque [kNm] 3.1 3.2
CPSR 2.8 3.9
Line voltage [kV] 3.3 2.2
Size Original Adapted
Stator outer diameter [mm] 657.9 571.7
Stack length [mm] 401.4 468.1
Weight [kg] 1043.9 899.1
proved the effectiveness of the adapted approach with improved performance
at reduced cost. Thus, the adapted approach can be implemented for large
traction motors as a less expensive alternative. For smaller traction motors,
the benefit of implementing voltage management will be marginal due to lim-






This chapter contains conclusions for the design and testing of the prototype
motor, as well as for the design of the large traction motor. In addition,
recommendations regarding future research will be discussed.
7.2 Conclusions
The aim of this project was to formulate a design strategy for traction induc-
tion motors. The developed strategy builds on conventional induction motor
literature, but prioritizes key differentiating traits such as a wide flux weak-
ening range and high frequency losses. Further, the goal was to research and
apply motor design principles in general and the application thereof. This
section contains conclusions reached during the machine design process, me-
chanical design and testing procedures.
7.2.1 Machine design of prototype motor
The first step in this process was researching and applying all the design con-
siderations of a traction motor. With the comprehension of traction motor
operation principles, an analytical model was devised. This model gave in-
sights regarding magnetic and electrical characteristics of a traction motor, as
well as motor performance.
The second step was to determine the design specifications. This was followed
by choosing an initial set of electric and magnetic loading values for the de-
sign. As a result, every geometrical aspect of the design could be calculated.
This includes information regarding motor size, minimum shaft thickness, air-
gap length, yoke heights, slot details, etc. For the generated design, electric
and magnetic loading values are calculated and compared to the initial set. If
130
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the respective loading values are reasonably close to the initial set, the model
reached convergence and the design can continue. If not, the electric and mag-
netic loading values are iteratively adjusted until convergence is reached. In
the next step, the magnetisation current and equivalent circuit parameters are
calculated. This leads to the calculation of various performance characteris-
tics such as efficiency, power factor, torque, breakdown torque, etc. Lastly,
the temperature rise during rated conditions are estimated. The accuracy of
the model was in good agreement with commercial software packages such as
ANSYS RMxprt. This generated design would be used as a base from which
optimization would commence.
The optimization process commenced with choosing an optimization algorithm
within the Optimetrics package of ANSYS RMxprt. The algorithm of choice
was a non-gradient based Genetic Algorithm. The main advantage is that it
searches in parallel with a population of points. This avoids being trapped
in a local optimal solution, unlike conventional algorithms that search from
single point. Additionally, it can accommodate a large set of parameters. The
optimization formulation involved the setting-up of slot sizing constraints, as
well as variable mapping. A dynamic solution which combines trigonometry
with pitch ratio’s prevented invalid solutions during each iteration through the
optimization. Fixed parameters during optimization included the shaft diam-
eter, air-gap length and stator outer diameter. The shaft diameter remained
fixed for safety reasons, while the air-gap length had to be fixed for manufac-
turability. The stator outer diameter remained fixed to fit into standard frame
sizes if needed. The objective function consisted of minimizing deviation from
a set of constraints, where the weighting of each constraint was chosen as unity.
Amongst other constraints such as for PF and efficiency, a wide CPSR was
realized by setting a breakdown/rated torque ratio constraint of 3 more. Up-
per and lower boundaries were chosen as 25% of the original design generated
in Matlab. Optimized design performance was verified in FEM packages such
as Maxwell 2D or SEMFEM. The design was then refined and moderately
adapted for manufacturability and reduction of harmonic copper losses in the
rotor. A performance comparison between the optimized and refined model
ensured there was no significant deviation from the optimal performance.
7.2.2 Mechanical design of prototype motor
The mechanical design commenced with a decision whether or not to imple-
ment the prototype design into a frame. Due to reduced weight and torsional
losses a frame-less design was chosen. This decision led to the experimental
addition of fins to the outer diameter of the stator for increased heat transfer.
The added fins increased the outer surface area of the stator by a ratio of 3.34.
In addition, the added fins theoretically proved to increase heat transfer from
the coils in a radial direction with natural convection. Naturally, the effective
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heat transfer from the fin increases with forced convection. The prototype
motor, with all its components were 3D modelled in Autocad Inventor. Each
component had its own drawing which was dispatched to a supplier for man-
ufacturing. Assembly of the motor took place systematically as components
were received at various times during the period of the project. Custom jigs
were made for both the stator and the rotor to ensure accurate alignment
during stacking of the laminations. Upon completion of the stator windings,
a DC test was done to verify that the phase resistance is accurate. Before
testing commenced, a deflection analysis was completed. This was to ensure
the rigidity of the design for test applications where a one-sided vertical mount
is required.
7.2.3 Testing of prototype motor
Testing commenced by determining the equivalent circuit parameters. This
was achieved through a no-load and locked-rotor test. The measured results
were in correlation with that of ANSYS RMxprt. From the determined cir-
cuit parameters a Thevenin conversion was made and a torque profile estimate
was created. To determine all the essential performance characteristics of the
prototype motor, three sets of tests were conducted. These were load tests,
externally driven tests and a breakdown torque test.
Load tests were completed from 500 rpm to 3000 rpm with 500 rpm incre-
ments. These measurements taken at discrete points gave insight regarding
output power, output torque, efficiency and power factor throughout the flux
weakening range. A CPSR close to 3 was achieved and the measured output
power and output torque aligned well with the expected power and torque
profiles. In addition, reasonably high efficiency and power factor was achieved
throughout the flux weakening range. Additionally, a FFT was performed on
the current measurement to investigate harmonics in the supply current from
the PEC. Harmonics of the 3rd and 5th order were visible at speeds of 1500
rpm and higher. However, these harmonics were marginal compared to the
fundamental frequency at each measurement.
Mechanical losses were measured through externally driven tests from 500 rpm
to 3000 rpm with 500 rpm increments. This gave insight regarding rotational
losses and allowed the calculation of core losses. The results were in good
agreement with the expected analytical values.
The PEC had a current limit below the required breakdown current at rated
voltage and frequency. To resolve this, the prototype motor was connected
to grid supply which is capable of supplying such current. This implied that
the breakdown torque test could be conducted, but at 50 Hz which naturally
reduces the maximum achievable breakdown torque. The measured torque re-
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sults were somewhat less than the expected values.
Considering all the results from the various tests, it can be concluded that a
reasonable design of a traction motor was achieved by meeting desired perfor-
mance targets. This proved that the suggested strategy followed is successful.
7.2.4 Design of large traction motor.
Initially, the same approach used for the design of the 3 kW motor was im-
plemented for the theoretical design of a 500 kW motor. The same sequence
of steps were used in the analytical model. This involved specifying motor
specifications and supplying electric and magnetic loading values for a initial
design. If convergence is not reached within the model, the process underwent
another iteration. If an initial design was generated with satisfactory perfor-
mance, optimization could commence.
The initial design had a relatively high efficiency and power factor, but only
achieved a CPSR of 2.0 with the voltage remaining fixed throughout the flux
weakening range. With the efficiency and power factor remaining similar, the
CPSR increased to 2.8 after optimization. With the optimized design failing
to achieve a CPSR of 3 and being over-sized, an adapted design strategy was
derived.
In an attempt to reduce the general size of the motor and improve the CPSR,
the design strategy was adapted to incorporate voltage management. This
allowed the maximum rated voltage to be reached at a higher base speed. The
adapted approach was verified with an improved CPSR of 3.8 at reduced man-
ufacturing cost.
For smaller traction motors, the approach used to maximize the breakdown/rated
torque ratio during optimization is sufficient to achieve a CPSR of 3 or more by
not over-sizing the design. From the design process of the large motor, it was
concluded that an adapted approach that incorporates voltage management
in combination with an optimal breakdown torque ratio is a more efficient
strategy.
7.3 Recommendations
Recommendations regarding multiple aspects of this project will be discussed
in this section. These recommendations are related possible future research or
similar projects.
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7.3.1 Analytical model
The aim of the analytical model was to thoroughly understand the design prin-
ciples of induction motors. Although the model was accurate, it was a sys-
tematic process to change between different designs. These changes included
slot shapes or winding configurations. This was due to various assumed co-
efficients, factors, electric and magnetic loading values throughout the model.
Each of these characteristics were iteratively changed until the model reached
convergence and performance deemed satisfactory. Although this ensured an
understanding of design principles and motor operation, the process was time
consuming. For scenarios where time is restricted and various designs are to
be produced, this process can be automated and a graphic user interface can
be added for an improved overall experience.
The model was developed for low to medium voltage motors with random
wound coils. Although the verified performance of the initial 500 kW design
reached all target specifications, performance inaccuracies existed for the power
factor and breakdown torque. For future work, the analytical model can be
improved to incorporate high voltage designs with a winding configuration as
desired.
7.3.2 Mechanical construction
For increased rigidity, an extra four outer rods can be used to replace the core
rods. With the core being kept in position by bushings, it will be supported
by an additional four rods. Also, the rod lengths were chosen conservatively
to allow enough space for end windings. The length of these supporting rods
can be reduced to further add extra rigidity.
7.3.3 Testing
In order to measure the breakdown torque at rated frequency and voltage,
a PEC capable of delivering breakdown current is required. Although the
breakdown torque measurement was accurate with the adapted test at 50Hz,
the test could not be completed at rated frequency. The adapted test gave
strong evidence that the motor could deliver the rated breakdown torque, but
it could not be confirmed.
7.4 Future work
It has been noted throughout the industry that PEC driven motors can lead
to premature bearing failure [34]. Circulating currents though the motor and
ultimately through the bearing leads to premature failure. With the frame-
less design of the prototype motor, an important study can be completed on
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bearing currents and its affect on bearing reliability.
Lastly, the designed 500 kW motor described in Chapter 6 can be built and
tested. This will give insight whether the adapted design approach produces






Matlab analytical model results
The results from the analytical model discussed in Chapter 3 used to design the
3 kW prototype motor, 500 kW motor and adapted 500 kW motor are presented
here.
A.1 Prototype traction motor
A.1.1 Main dimensions of stator core
MAIN DIMENSIONS OF STATOR CORE
Pole pairs: 2
Apparent Airgap Power: 4564.71 VA
Stator inner diameter: 0.108300 m
Initial stator outer diameter: 0.190000 m. TBC
Core length: 0.153106 m
Pole pitch: 0.085059 m




Number of stator slots: 36
Two layer winding with chorderd coils were chosen:
Zone factor: 0.959795
Chording factor: 0.984808
Stator winding factor: 0.945214
Initial airgap flux density: 0.750000 T. TBC
Tooth saturation factor Kst + 1: 1.160000
Pole spanning coefficient: 0.681059
137
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Pole flux: 0.006652 Wb
Number of conductors per slot (Even): 36.000000
Actual number of turns per phase: 216.000000 turns/phase
Actual airgap flux density: 0.786732 T
Rated current: 7.149849 A
Current density (chosen estimate): 5.600000 A/mm^2
Magnetic wire cross section: 1.276759 mm^2
Actual conductors in parallel: 1.000000
Wire guage diameter: 1.27 mm
Wire insulated diameter: 1.33 mm
A.1.3 Stator slot sizing
STATOR SLOT SIZING:
Slot fill factor: 0.40
Useful slot area: 114.91 mm^2









Assumed carters coefficient: 1.200000
Airgap mmf F_mg: 488.575739 A turns
Stator tooth mmf F_mts: 39.235344 A turns
Rotor tooth mmf F_mtr: 38.936774 A turns
Stator outer diameter: 0.190000 m
Stator back core flux density B_cs: 1.249084 T
A.1.4 Rotor slots
ROTOR SLOT:
Chosen number of rotor teeth from Table 15.5: 30
Rotor bar current is: 233.561123 A
Assumed current density in rotor bar: 5.800000 A/mm^2
Rotor slot area: 0.000040 m^2
End ring current: 561.683477 A
End ring curent density: 4350000.000000 A/m^2
End ring cross section: 0.000129 m^2
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Rotor slot pitch: 0.011205 m
Assumed rotor tooth flux density: 1.520000 T
b_tr: 0.006041 m






Rotor tooth mmf F_mtr: 42.052923 A turns
Assumed rotor back core flux density: 0.900000 T
Rotor back core height: 0.024137 m
Maximum shaft diameter: 0.031743 m
Mimimum shaft diameter: 0.010997 m
Approximate rated torque: 28.659353 Nm
End ring width: 0.009571
End ring height: 0.013491
A.1.5 Magnetization current
Magnitization Current:
Carters coefficient confirmed as: 1.497058
Stator back core mmf F_mcs: 31.994430 A turns
Rotor back core mmf F_mcr: 2.196314 A turns
Magnitization mmf F_1m: 1450.001318
Total saturation factor K_s: 0.483906
Magnitization current I_u: 5.258941 A
Relative (p.u.) value of I_mu: 73.553179 %
A.1.6 Resistances and inductances
RESISTANCES AND INDUCTANCES:
Assumed copper temperatuur: 75.000000 degrees
Stator resistance R_s: 2.057382 ohm
End ring length segment: 0.009478 m
Skin resistance coefficent K_r: 0.954215
Rotor bar end resistance R_be: 0.000096 ohm
Rotor cage resistance reduced to stator: 1.596421 ohm
Stator phase reactance X_sl: 2.006840 ohm
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Rotor slot coefficient for square slots: 3.500000
Equivelant rotor bar leakage reactance X_bes1: 0.000292 ohm
Rotor leakage reactance X_rls1: 4.868465 ohm
Rotor bar end resistance at rated speed R_be: 0.000099 ohm
Rotor resistance at rated speed: 1.658494 ohm
Rotor bar leakage reactance at rated speed X_be: 0.000210 ohm
Rotor leakage reactance at rated speed X_rl: 3.497234 ohm
A.1.7 Losses and efficiency
LOSSES AND EFFICIENCY:
Stator winding losses: 315.522090 W
Rotor cage losses: 162.782920 W
Mechanical/Ventilation losses: 36.000000 W
Stray loss factor: 0.010000
Stray losses: 30.000000 W
Fundamental iron losses: 48.038935 W
Total core losses: 54.112509 W
Total losses: 598.417519 W
Motor efficiency: 83.369981 %
A.1.8 Operating characteristics
OPERATION CHARACTERISTCICS:
Active no-load current: 0.396263 A
Rated slip S_n: 0.050416
Rated shaft torque T_n: 29.577343 Nm
Breakdown torque T_bk: 85.201799 Nm
Starting current I_LR: 34.212828 A
Starting torque T_LR: 52.482904 NM
Final design values compared to original constaints:
Efficiency. target: 85.000000 Achieved: 83.369981
Power factor. target: 0.750000 Achieved: 0.764664
Breakdown/Rated Torque ratio. target: 3.000000 Achieved: 2.880644
Locked/Rated Torque ratio. target: 2.000000 Achieved: 1.774429




APPENDIX A. MATLAB ANALYTICAL MODEL RESULTS 141
If ambient temperature is 40 degC, winding temperature is 83.76 degC
A.2 Large traction motor
A.2.1 Main dimensions of stator core
MAIN DIMENSIONS OF STATOR CORE
Pole pairs: 2
Apparent Airgap Power: 633986.93 VA
Stator inner diameter: 0.414313 m
Core length: 0.488102 m
Pole pitch: 0.325401 m
Slot pitch: 0.036156 m




Number of stator slots: 36
Two layer winding with chorderd coils were chosen:
Zone factor: 0.959795
Chording factor: 0.984808
Stator winding factor: 0.945214
Initial airgap flux density: 0.700000 T. TBC
Tooth saturation factor Kst + 1: 1.070000
Pole spanning coefficient: 0.660386
Pole flux: 0.073422 Wb
Number of conductors per slot (Even): 20.000000
Actual number of turns per phase: 120.000000 turns/phase
Actual airgap flux density: 0.689727 T
Rated current: 114.349429 A
Current density (chosen estimate): 5.000000 A/mm^2
Magnetic wire cross section: 22.869886 mm^2
Actual conductors in parallel: 1.000000
A.2.3 Stator slot sizing
STATOR SLOT SIZING:
Slot fill factor: 0.75
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Useful slot area: 609.86 mm^2








Assumed carters coefficient: 1.200000
Airgap mmf F_mg: 693.531783 A turns
Stator tooth mmf F_mts: 25.240937 A turns
Rotor tooth mmf F_mtr: 23.306288 A turns
Stator outer diameter: 0.657640 m
Stator back core flux density B_cs: 1.004298 T
A.2.4 Rotor slots
ROTOR SLOT:
Chosen number of rotor teeth from Table 15.5: 30
Rotor bar current is: 2282.747598 A
Assumed current density in rotor bar: 5.500000 A/mm^2
Rotor slot area: 0.000415 m^2
End ring current: 5489.704760 A
End ring curent density: 4125000.000000 A/m^2




Rotor slot pitch: 0.043166 m
Assumed rotor tooth flux density: 1.300000 T
b_tr: 0.023857 m






Rotor tooth mmf F_mtr: 20.121246 A turns
Assumed rotor back core flux density: 1.500000 T
Rotor back core height: 0.050141 m
Maximum shaft diameter: 0.237353 m
Mimimum shaft diameter: 0.076251 m
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Chosen shaft diameter: 0.110000 m
Rotor yoke height: 0.113818 m
Approximate rated torque: 3141.102324 Nm
End ring width: 0.035692
End ring height: 0.037286
A.2.5 Magnetization current
Magnitization Current:
Carters coefficient confirmed as: 1.422727
Stator back core mmf F_mcs: 45.085024 A turns
Rotor back core mmf F_mcr: 246.627620 A turns
Magnitization mmf F_1m: 2318.660423
Total saturation factor K_s: 0.671632
Magnitization current I_u: 15.136991 A
Relative (p.u.) value of I_mu: 13.237487 %
A.2.6 Resistances and inductances
RESISTANCES AND INDUCTANCES:
Assumed copper temperatuur: 80.000000 degrees
Stator resistance R_s: 0.238466 ohm
End ring length segment: 0.038948 mm
Skin resistance coefficent K_r: 3.751916
Rotor bar end resistance R_be: 0.000103 ohm
Rotor cage resistance reduced to stator: 0.530829 ohm
Stator phase reactance X_sl: 2.838038 ohm
Rotor slot coefficient for square slots: 2.000000
Equivelant rotor bar leakage reactance X_bes1: 0.000781 ohm
Rotor leakage reactance X_rls1: 4.017131 ohm
Rotor bar end resistance at rated speed R_be: 0.000033 ohm
Rotor resistance at rated speed: 0.169224 ohm
Rotor bar leakage reactance at rated speed X_be: 0.001016 ohm
Rotor leakage reactance at rated speed X_rl: 5.230691 ohm
A.2.7 Losses and efficiency
LOSSES AND EFFICIENCY:
Stator winding losses: 9354.393434 W
Rotor cage losses: 5140.624778 W
Mechanical/Ventilation losses: 6000.000000 W
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Stray loss factor: 0.010000
Stray losses: 5000.000000 W
Fundamental iron losses: 2928.110575 W
Total core losses: 3304.743077 W
Total losses: 28799.761289 W
Motor efficiency: 94.553749 %
A.2.8 Operating characteristics
OPERATION CHARACTERISTCICS:
Active no-load current: 1.656586 A
Rated slip S_n: 0.009960
Rated shaft torque T_n: 3152.079036 Nm
Breakdown torque T_bk: 4089.208922 Nm
Starting current I_LR: 386.544235 A
Starting torque T_LR: 1485.093692 Nm
Final design values compared to original constaints:
Efficiency. target: 90.000000 Achieved: 94.553749
Power factor. target: 0.850000 Achieved: 0.809064
Breakdown/Rated Torque ratio. target: 3.000000 Achieved: 1.297305
A.2.9 Temperature rise
TEMPERATURES RISE:
If ambient temperature is 40 degC, winding temperature is 228.91 degC
A.3 Adapted design for large traction motor
A.3.1 Main dimensions of stator core
MAIN DIMENSIONS OF STATOR CORE
Pole pairs: 2
Apparent Airgap Power: 633986.93 VA
Stator inner diameter: 0.362094 m
Core length: 0.426582 m
Pole pitch: 0.284388 m
Slot pitch: 0.031599 m
Initial stator outer diameter: 0.574752 m. TBC
Airgap: 0.001052 m
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A.3.2 Stator winding
THE STATOR WINDING
Number of stator slots: 36
Two layer winding with chorderd coils were chosen:
Zone factor: 0.959795
Chording factor: 0.984808
Stator winding factor: 0.945214
Initial airgap flux density: 0.700000 T. TBC
Tooth saturation factor Kst + 1: 1.070000
Pole spanning coefficient: 0.660386
Pole flux: 0.056080 Wb
Number of conductors per slot (Even): 18.000000
Actual number of turns per phase: 108.000000 turns/phase
Actual airgap flux density: 0.669772 T
Rated current: 114.349429 A
Current density (chosen estimate): 5.000000 A/mm^2
Magnetic wire cross section: 22.869886 mm^2
Actual conductors in parallel: 1.000000
A.3.3 Stator slot sizing
STATOR SLOT SIZING:
Slot fill factor: 0.75
Useful slot area: 548.88 mm^2








Assumed carters coefficient: 1.200000
Airgap mmf F_mg: 673.466708 A turns
Stator tooth mmf F_mts: 24.056425 A turns
Rotor tooth mmf F_mtr: 23.086244 A turns
Stator outer diameter: 0.574752 m
Stator back core flux density B_cs: 1.064479 T
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A.3.4 Rotor slots
ROTOR SLOT:
Chosen number of rotor teeth from Table 15.5: 30
Rotor bar current is: 2054.472838 A
Assumed current density in rotor bar: 5.500000 A/mm^2
Rotor slot area: 0.000374 m^2
End ring current: 4940.734284 A
End ring curent density: 4125000.000000 A/m^2




Rotor slot pitch: 0.037698 m
Assumed rotor tooth flux density: 1.300000 T
b_tr: 0.020232 m






Rotor tooth mmf F_mtr: 19.144075 A turns
Assumed rotor back core flux density: 1.500000 T
Rotor back core height: 0.043821 m
Maximum shaft diameter: 0.201395 m
Mimimum shaft diameter: 0.066611 m
Chosen shaft diameter: 0.110000 m
Rotor yoke height: 0.089519 m
Approximate rated torque: 2096.809143 Nm
End ring width: 0.033763
End ring height: 0.035476
A.3.5 Magnetization current
Magnitization Current:
Carters coefficient confirmed as: 1.466880
Stator back core mmf F_mcs: 45.659000 A turns
Rotor back core mmf F_mcr: 219.852307 A turns
Magnitization mmf F_1m: 2263.915353
Total saturation factor K_s: 0.680792
Magnitization current I_u: 16.421774 A
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Relative (p.u.) value of I_mu: 14.361046 %
A.3.6 Resistances and inductances
RESISTANCES AND INDUCTANCES:
Assumed copper temperatuur: 80.000000 degrees
Stator resistance R_s: 0.187052 ohm
End ring length segment: 0.033669 mm
Skin resistance coefficent K_r: 4.356482
Rotor bar end resistance R_be: 0.000115 ohm
Rotor cage resistance reduced to stator: 0.479693 ohm
Stator phase reactance X_sl: 2.781602 ohm
Rotor slot coefficient for square slots: 2.000000
Equivelant rotor bar leakage reactance X_bes1: 0.000891 ohm
Rotor leakage reactance X_rls1: 3.715045 ohm
Rotor bar end resistance at rated speed R_be: 0.000032 ohm
Rotor resistance at rated speed: 0.132782 ohm
Rotor bar leakage reactance at rated speed X_be: 0.001229 ohm
Rotor leakage reactance at rated speed X_rl: 5.120958 ohm
A.3.7 Losses and efficiency
LOSSES AND EFFICIENCY:
Stator winding losses: 7337.563774 W
Rotor cage losses: 4033.616477 W
Mechanical/Ventilation losses: 6000.000000 W
Stray loss factor: 0.010000
Stray losses: 5000.000000 W
Fundamental iron losses: 3477.359270 W
Total core losses: 4156.776281 W
Total losses: 26527.956532 W
Motor efficiency: 94.961719 %
A.3.8 Operating characteristics
OPERATION CHARACTERISTCICS:
Active no-load current: 1.803451 A
Rated slip S_n: 0.007832
Rated shaft torque T_n: 2099.623619 Nm
Breakdown torque T_bk: 2803.549058 Nm
Starting current I_LR: 414.355143 A
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Starting torque T_LR: 1029.407028 Nm
Final design values compared to original constaints:
Efficiency. target: 90.000000 Achieved: 94.961719
Power factor. target: 0.850000 Achieved: 0.805588
Breakdown/Rated Torque ratio. target: 3.000000 Achieved: 1.335263
A.3.9 Temperature rise
TEMPERATURES RISE:




The complete design sheet comparisons for the 3 kW and 500 kW motors dis-
cussed in Chapter 4 and 6 are presented in this appendix.
B.1 Design sheets of the optimized and fine
tuned prototype 3 kW motor
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Given Output Power (kW): 3 
Rated Voltage (V): 380 
Winding Connection: Wye 
Number of Poles: 4 
Given Speed (rpm): 1000 
Frequency (Hz): 34.8523 
Stray Loss (W): 30  
Frictional Loss (W): 18  
Windage Loss (W): 18  
Operation Mode: Motor 
Type of Load: Constant Power 
Operating Temperature (C): 75 
 
     STATOR DATA  
 
Number of Stator Slots: 36 
Outer Diameter of Stator (mm):   190 
Inner Diameter of Stator (mm):  111.515 
Type of Stator Slot: 3 
Stator Slot  
            hs0 (mm):   0.953593 
            hs1 (mm):   0 
            hs2 (mm):   20.8679 
            bs0 (mm):   2.45544 
            bs1 (mm):   4.78539 
            bs2 (mm):   7.4396 
            rs (mm):   0 
 
Top Tooth Width (mm):   5.11585 
Bottom Tooth Width (mm):   6.10925 
 
Length of Stator Core (mm):   168.204 
Stacking Factor of Stator Core: 0.97 
Type of Steel: M19_26G 
Number of lamination sectors 1 
Press board thickness (mm):   0 
Magnetic press board No 
Number of Parallel Branches: 1 
Type of Coils: 21 
Coil Pitch: 8 
Number of Conductors per Slot: 32 
Number of Wires per Conductor: 1 
Wire Diameter (mm): 1.219 
PROTOTYPE DESIGN SHEET: 
 
GENERAL DATA:  
 
Given Output Power (kW): 3 
Rated Voltage (V): 380 
Winding Connection: Wye 
Number of Poles: 4 
Given Speed (rpm): 1000 
Frequency (Hz): 34.67 
Stray Loss (W): 30  
Frictional Loss (W): 18  
Windage Loss (W): 18  
Operation Mode: Motor 
Type of Load: Constant Power 
Operating Temperature (C): 75 
 
     STATOR DATA  
 
Number of Stator Slots: 36 
Outer Diameter of Stator (mm):   190 
Inner Diameter of Stator (mm):   108.58 
Type of Stator Slot: 3 
Stator Slot  
            hs0 (mm):   1 
            hs1 (mm):   0 
            hs2 (mm):   22.5 
            bs0 (mm):   4 
            bs1 (mm):   5 
            bs2 (mm):   7 
            rs (mm):   0 
 
Top Tooth Width (mm):   4.65028 
Bottom Tooth Width (mm):   6.5799 
 
Length of Stator Core (mm):   160 
Stacking Factor of Stator Core: 0.95 
Type of Steel: M19_26G 
Number of lamination sectors 1 
Press board thickness (mm):   0 
Magnetic press board No 
Number of Parallel Branches: 1 
Type of Coils: 21 
Coil Pitch: 8 
Number of Conductors per Slot: 34 
Number of Wires per Conductor: 1 
Wire Diameter (mm): 1.219 
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Wire Wrap Thickness (mm): 0 
 
Wedge Thickness (mm): 0 
Slot Liner Thickness (mm): 0 
Layer Insulation (mm): 0 
Slot Area (mm^2): 129.896 
Net Slot Area (mm^2): 127.555 
 
Slot Fill Factor (%): 37.2787 
Limited Slot Fill Factor (%): 40 
Wire Resistivity (ohm.mm^2/m): 0.0217 
Conductor Length Adjustment (mm):   0 
End Length Correction Factor 1 
End Leakage Reactance Correction Factor 1 
 
     ROTOR DATA  
 
Number of Rotor Slots: 30 
Air Gap (mm):   0.65 
Inner Diameter of Rotor (mm):   30 
Type of Rotor Slot: 4 
Rotor Slot  
            hs0 (mm):   2.30342 
            hs1 (mm):   0 
            hs2 (mm):   11.0981 
            bs0 (mm):   1.13454 
            bs1 (mm):   3.89543 
            bs2 (mm):   3.89543 
            rs (mm):   0 
 
Cast Rotor: No 
Half Slot: No 
 
Length of Rotor (mm):   168.204 
Stacking Factor of Rotor Core: 0.97 
Type of Steel: M19_26G 
Skew Width: 0 
End Length of Bar (mm):   10 
Height of End Ring (mm):   17.4219 
Width of End Ring (mm):   10.3 
Resistivity of Rotor Bar  
  at 75 Centigrade (ohm.mm^2/m): 0.0217391 
Resistivity of Rotor Ring  
  at 75 Centigrade (ohm.mm^2/m): 0.0217391 
Magnetic Shaft: No 
 
     MATERIAL CONSUMPTION 
Wire Wrap Thickness (mm): 0 
 
Wedge Thickness (mm): 0 
Slot Liner Thickness (mm): 0 
Layer Insulation (mm): 0 
Slot Area (mm^2): 139 
Net Slot Area (mm^2): 135 
 
Slot Fill Factor (%): 37.4242 
Limited Slot Fill Factor (%): 40 
Wire Resistivity (ohm.mm^2/m): 0.0217 
Conductor Length Adjustment (mm):   0 
End Length Correction Factor 1 
End Leakage Reactance Correction Factor 1 
 
     ROTOR DATA  
 
Number of Rotor Slots: 30 
Air Gap (mm):   0.65 
Inner Diameter of Rotor (mm):   30 
Type of Rotor Slot: 4 
Rotor Slot  
            hs0 (mm):   2.5 
            hs1 (mm):   0 
            hs2 (mm):   10 
            bs0 (mm):   1.2 
            bs1 (mm):   3.5 
            bs2 (mm):   3.5 
            rs (mm):   0 
 
Cast Rotor: No 
Half Slot: No 
 
Length of Rotor (mm):   160 
Stacking Factor of Rotor Core: 0.95 
Type of Steel: M19_26G 
Skew Width: 0 
End Length of Bar (mm):   15 
Height of End Ring (mm):   16.25 
Width of End Ring (mm):   10 
Resistivity of Rotor Bar  
  at 75 Centigrade (ohm.mm^2/m): 0.0172414 
Resistivity of Rotor Ring  
  at 75 Centigrade (ohm.mm^2/m): 0.0172414 
Magnetic Shaft: Yes 
 
     MATERIAL CONSUMPTION 
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Armature Copper Density (kg/m^3):   8900 
Rotor Bar Material Density (kg/m^3):   8900 
Rotor Ring Material Density (kg/m^3):   8900 
Armature Core Steel Density (kg/m^3):   7650 
Rotor Core Steel Density (kg/m^3):   7650 
 
Armature Copper Weight (kg):  3.22735 
Rotor Bar Material Weight (kg):   2.30374 
Rotor Ring Material Weight (kg):   0.884918 
Armature Core Steel Weight (kg):   17.3616 
Rotor Core Steel Weight (kg):   9.30913 
Total Net Weight (kg):   33.0867 
 
Armature Core Steel Consumption (kg):  
 34.3021 
Rotor Core Steel Consumption (kg):12.1906 
 
     RATED-LOAD OPERATION  
 
Stator Resistance R1 (ohm): 1.92575 
Stator Resistance at 20C (ohm): 1.58408 
Stator Leakage Reactance X1 (ohm): 1.52782 
  Slot Leakage Reactance Xs1 (ohm): 0.955734 
  End Leakage Reactance Xe1 (ohm): 0.317463 
  Harmonic Leakage Reactance Xd1 (ohm):
 0.254622 
Rotor Resistance R2 (ohm): 1.42189 
Rotor Leakage Reactance X2 (ohm): 2.64486 
Resistance Corresponding to  
  Iron-Core Loss Rfe (ohm): 2339 
Magnetizing Reactance Xm (ohm): 45.9491 
 
Stator Phase Current (A): 7.11056 
Current Corresponding to  
  Iron-Core Loss (A): 0.0863377 
Magnetizing Current (A): 4.39495 
Rotor Phase Current (A): 5.21598 
 
Copper Loss of Stator Winding (W): 292.098 
Copper Loss of Rotor Winding (W): 116.054 
Iron-Core Loss (W): 52.3062 
Frictional and Windage Loss (W): 36.5125 
Stray Loss (W): 30 
Total Loss (W): 526.97 
Input Power (kW): 3.52703 
Output Power (kW): 3.00006 
 
Armature Copper Density (kg/m^3):   8900 
Rotor Bar Material Density (kg/m^3):   8933 
Rotor Ring Material Density (kg/m^3):   8933 
Armature Core Steel Density (kg/m^3):   7650 
Rotor Core Steel Density (kg/m^3):   7650 
 
Armature Copper Weight (kg):   3.317 
Rotor Bar Material Weight (kg):   1.93489 
Rotor Ring Material Weight (kg):   0.784658 
Armature Core Steel Weight (kg):   16.3831 
Rotor Core Steel Weight (kg):   8.36319 
Total Net Weight (kg):   30.7828 
 
Armature Core Steel Consumption (kg):  
 32.5461 
Rotor Core Steel Consumption (kg):   10.767 
 
     RATED-LOAD OPERATION  
 
Stator Resistance R1 (ohm): 1.97924 
Stator Resistance at 20C (ohm): 1.62809 
Stator Leakage Reactance X1 (ohm): 1.49493 
  Slot Leakage Reactance Xs1 (ohm): 0.979488 
  End Leakage Reactance Xe1 (ohm): 0.365404 
  Harmonic Leakage Reactance Xd1 (ohm):
 0.150033 
Rotor Resistance R2 (ohm): 1.5668 
Rotor Leakage Reactance X2 (ohm): 2.7519 
Resistance Corresponding to  
  Iron-Core Loss Rfe (ohm): 2356.89 
Magnetizing Reactance Xm (ohm): 40.249 
 
Stator Phase Current (A): 7.5506 
Current Corresponding to  
  Iron-Core Loss (A): 0.0852145 
Magnetizing Current (A): 4.98997 
Rotor Phase Current (A): 5.24012 
 
Copper Loss of Stator Winding (W): 338.519 
Copper Loss of Rotor Winding (W): 129.068 
Iron-Core Loss (W): 51.3437 
Frictional and Windage Loss (W): 19.8991 
Stray Loss (W): 30 
Total Loss (W): 568.829 
Input Power (kW): 3.56901 
Output Power (kW): 3.00018 
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Mechanical Shaft Torque (N.m): 28.447 
Efficiency (%): 85.0591 
Power Factor: 0.747224 
Rated Slip: 0.0368118 
Rated Shaft Speed (rpm): 1007.08 
 
     NO-LOAD OPERATION  
 
No-Load Stator Resistance (ohm): 1.92575 
No-Load Stator Leakage Reactance (ohm):
 1.52868 
No-Load Rotor Resistance (ohm): 1.42184 
No-Load Rotor Leakage Reactance (ohm):
 2.65566 
 
No-Load Stator Phase Current (A): 4.61375 
No-Load Iron-Core Loss (W): 57.5788 
No-Load Input Power (W): 250.567 
No-Load Power Factor: 0.0726344 
No-Load Slip: 0.000422401 
No-Load Shaft Speed (rpm): 1045.13 
 
     BREAK-DOWN OPERATION  
 
Break-Down Slip: 0.35 
Break-Down Torque (N.m): 100.214 
Break-Down Torque Ratio: 3.52284 
Break-Down Phase Current (A): 31.7204 
 
     LOCKED-ROTOR OPERATION  
 
Locked-Rotor Torque (N.m): 80.9536 
Locked-Rotor Phase Current (A): 46.9534 
Locked-Rotor Torque Ratio: 2.84577 
Locked-Rotor Current Ratio: 6.60334 
 
Locked-Rotor Stator Resistance (ohm):
 1.92575 
Locked-Rotor Stator  
  Leakage Reactance (ohm): 1.44773 
Locked-Rotor Rotor Resistance (ohm):
 1.46111 
Locked-Rotor Rotor  
  Leakage Reactance (ohm): 1.92764 
 
     DETAILED DATA AT RATED OPERATION  
 
Mechanical Shaft Torque (N.m): 28.7223 
Efficiency (%): 84.062 
Power Factor: 0.712126 
Rated Slip: 0.0409849 
Rated Shaft Speed (rpm): 997.472 
 
     NO-LOAD OPERATION  
 
No-Load Stator Resistance (ohm): 1.97924 
No-Load Stator Leakage Reactance (ohm):
 1.49526 
No-Load Rotor Resistance (ohm): 1.56673 
No-Load Rotor Leakage Reactance (ohm):
 2.76243 
 
No-Load Stator Phase Current (A): 5.24557 
No-Load Iron-Core Loss (W): 56.7065 
No-Load Input Power (W): 271.855 
No-Load Power Factor: 0.0700517 
No-Load Slip: 0.000255155 
No-Load Shaft Speed (rpm): 1039.83 
 
     BREAK-DOWN OPERATION  
 
Break-Down Slip: 0.38 
Break-Down Torque (N.m): 98.1198 
Break-Down Torque Ratio: 3.41616 
Break-Down Phase Current (A): 31.37 
 
     LOCKED-ROTOR OPERATION  
 
Locked-Rotor Torque (N.m): 82.302 
Locked-Rotor Phase Current (A): 45.3542 
Locked-Rotor Torque Ratio: 2.86544 
Locked-Rotor Current Ratio: 6.0067 
 
Locked-Rotor Stator Resistance (ohm):
 1.97924 
Locked-Rotor Stator  
  Leakage Reactance (ohm): 1.45635 
Locked-Rotor Rotor Resistance (ohm):
 1.60593 
Locked-Rotor Rotor  
  Leakage Reactance (ohm): 1.98924 
 
     DETAILED DATA AT RATED OPERATION  
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Stator Slot Leakage Reactance (ohm):
 0.955734 
Stator End-Winding Leakage  
  Reactance (ohm): 0.317463 
Stator Differential Leakage  
  Reactance (ohm): 0.254622 
Rotor Slot Leakage Reactance (ohm): 1.78562 
Rotor End-Winding Leakage  
  Reactance (ohm): 0.102782 
Rotor Differential Leakage  
  Reactance (ohm): 0.75645 
Skewing Leakage Reactance (ohm): 0 
 
Stator Winding Factor: 0.945214 
 
Stator-Teeth Flux Density (Tesla): 1.34657 
Rotor-Teeth Flux Density (Tesla): 1.52569 
Stator-Yoke Flux Density (Tesla): 1.28114 
Rotor-Yoke Flux Density (Tesla): 0.832097 
Air-Gap Flux Density (Tesla): 0.751353 
 
Stator-Teeth Ampere Turns (A.T): 15.0616 
Rotor-Teeth Ampere Turns (A.T): 36.1928 
Stator-Yoke Ampere Turns (A.T): 18.6795 
Rotor-Yoke Ampere Turns (A.T): 1.9047 
Air-Gap Ampere Turns (A.T): 463.946 
 
Correction Factor for Magnetic  
  Circuit Length of Stator Yoke: 0.572675 
Correction Factor for Magnetic  
  Circuit Length of Rotor Yoke: 0.7 
Saturation Factor for Teeth: 1.11048 
Saturation Factor for Teeth & Yoke: 1.15484 
Induced-Voltage Factor: 0.920466 
 
Stator Current Density (A/mm^2): 6.09265 
Specific Electric Loading (A/mm): 23.3816 
Stator Thermal Load (A^2/mm^3): 142.456 
 
Rotor Bar Current Density (A/mm^2):
 4.39525 
Rotor Ring Current Density (A/mm^2):  
2.5372 
 
Half-Turn Length of  
  Stator Winding (mm):   269.715 
 
Stator Slot Leakage Reactance (ohm):
 0.979488 
Stator End-Winding Leakage  
  Reactance (ohm): 0.365404 
Stator Differential Leakage  
  Reactance (ohm): 0.150032 
Rotor Slot Leakage Reactance (ohm): 1.94356 
Rotor End-Winding Leakage  
  Reactance (ohm): 0.145938 
Rotor Differential Leakage  
  Reactance (ohm): 0.662377 
Skewing Leakage Reactance (ohm): 0 
 
Stator Winding Factor: 0.945214 
 
Stator-Teeth Flux Density (Tesla): 1.37534 
Rotor-Teeth Flux Density (Tesla): 1.50295 
Stator-Yoke Flux Density (Tesla): 1.30556 
Rotor-Yoke Flux Density (Tesla): 0.544822 
Air-Gap Flux Density (Tesla): 0.766589 
 
Stator-Teeth Ampere Turns (A.T): 21.0804 
Rotor-Teeth Ampere Turns (A.T): 28.0197 
Stator-Yoke Ampere Turns (A.T): 21.214 
Rotor-Yoke Ampere Turns (A.T): 0.727816 
Air-Gap Ampere Turns (A.T): 579.754 
 
Correction Factor for Magnetic  
  Circuit Length of Stator Yoke: 0.559336 
Correction Factor for Magnetic  
  Circuit Length of Rotor Yoke: 0.7 
Saturation Factor for Teeth: 1.08469 
Saturation Factor for Teeth & Yoke: 1.12254 
Induced-Voltage Factor: 0.91544 
 
Stator Current Density (A/mm^2): 6.4697 
Specific Electric Loading (A/mm): 27.0934 
Stator Thermal Load (A^2/mm^3): 175.286 
 
Rotor Bar Current Density (A/mm^2):
 5.81656 
Rotor Ring Current Density (A/mm^2):
 2.99068 
 
Half-Turn Length of  
  Stator Winding (mm):   260.901 




     WINDING ARRANGEMENT 
 
The 3-phase, 2-layer winding can be arranged in 9 





Angle per slot (elec. degrees): 20 
Phase-A axis (elec. degrees): 100 




     TRANSIENT FEA INPUT DATA  
 
For one phase of the Stator Winding: 
  Number of Turns: 192 
  Parallel Branches: 1 
  Terminal Resistance (ohm): 1.92575 
  End Leakage Inductance (H): 0.00144971 
For Rotor End Ring Between Two Bars of One Side: 
  Equivalent Ring Resistance (ohm): 1.99143e-06 
  Equivalent Ring Inductance (H): 3.08016e-09 
2D Equivalent Value: 
  Equivalent Model Depth (mm): 168.204 
  Equivalent Stator Stacking Factor: 0.97 
  Equivalent Rotor Stacking Factor: 0.97 
 
     WINDING ARRANGEMENT 
 
The 3-phase, 2-layer winding can be arranged in 9 





Angle per slot (elec. degrees): 20 
Phase-A axis (elec. degrees): 100 




     TRANSIENT FEA INPUT DATA  
 
For one phase of the Stator Winding: 
  Number of Turns: 204 
  Parallel Branches: 1 
  Terminal Resistance (ohm): 1.97924 
  End Leakage Inductance (H): 0.00167741 
For Rotor End Ring Between Two Bars of One Side: 
  Equivalent Ring Resistance (ohm): 2.24298e-06 
  Equivalent Ring Inductance (H): 3.89442e-09 
2D Equivalent Value: 
  Equivalent Model Depth (mm): 160 
  Equivalent Stator Stacking Factor: 0.95 
  Equivalent Rotor Stacking Factor: 0.95 
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B.2 Design sheets of the original and adapted
500 kW motor
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ORIGINAL 500 kW DESIGN: 
 
GENERAL DATA  
 
Given Output Power (kW): 500 
Rated Voltage (V): 3300 
Winding Connection: Wye 
Number of Poles: 4 
Given Speed (rpm): 1500 
Frequency (Hz): 52.391 
Stray Loss (W): 5000  
Frictional Loss (W): 3000  
Windage Loss (W): 3000  
Operation Mode: Motor 
Type of Load: Constant Power 
Operating Temperature (C): 100 
 
     STATOR DATA  
 
Number of Stator Slots: 36 
Outer Diameter of Stator (mm):   657.861 
Inner Diameter of Stator (mm):   447.415 
Type of Stator Slot: Edited 
Symmetric Slot 
            Type Info (mm) 
            1       End Width: 15.7347 
                     Line Edge: 0 
            2       Height: 0.957625 
                     Parallel Slot Width: 0 
            2       Height: 1.5 
                     End Width: 18.5114 
            2       Height: 1.5 
                     End Width: 15.7347 
            2       Height: 38.5905 
                     Parallel Slot Width: 0 
            1       End Width: 0 
                     Line Edge: 0 
 
Top Tooth Width (mm):   26.6498 
Bottom Tooth Width (mm):   26.6498 
 
Length of Stator Core (mm):   401.367 
Stacking Factor of Stator Core: 0.97 
Type of Steel: M19_26G 
Number of lamination sectors 1 
Press board thickness (mm):   0 
Magnetic press board No 
Number of Parallel Branches: 1 
Type of Coils: 21 
Coil Pitch: 8 
Number of Conductors per Slot: 18 
Number of Wires per Conductor: 1 
ADAPTED 500 kW DESIGN: 
  
GENERAL DATA  
 
Given Output Power (kW): 500 
Rated Voltage (V): 3300 
Winding Connection: Wye 
Number of Poles: 4 
Given Speed (rpm): 2250 
Frequency (Hz): 75.2953 
Stray Loss (W): 5000  
Frictional Loss (W): 3000  
Windage Loss (W): 3000  
Operation Mode: Motor 
Type of Load: Constant Power 
Operating Temperature (C): 100 
 
     STATOR DATA  
 
Number of Stator Slots: 36 
Outer Diameter of Stator (mm):   571.686 
Inner Diameter of Stator (mm):   362.641 
Type of Stator Slot: Edited 
Symmetric Slot 
            Type Info (mm) 
            1       End Width: 14.107 
                     Line Edge: 0 
            2       Height: 0.926222 
                     Parallel Slot Width: 0 
            2       Height: 1.5 
                     End Width: 16.5965 
            2       Height: 1.5 
                     End Width: 14.107 
            2       Height: 37.0521 
                     Parallel Slot Width: 0 
            1       End Width: 0 
                     Line Edge: 0 
 
Top Tooth Width (mm):   20.7243 
Bottom Tooth Width (mm):   20.7243 
 
Length of Stator Core (mm):   468.055 
Stacking Factor of Stator Core: 0.97 
Type of Steel: M19_26G 
Number of lamination sectors 1 
Press board thickness (mm):   0 
Magnetic press board No 
Number of Parallel Branches: 1 
Type of Coils: 21 
Coil Pitch: 8 
Number of Conductors per Slot: 14 
Number of Wires per Conductor: 1 
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Wire Diameter (mm): 4.897 
Wire Wrap Thickness (mm): 0 
 
Wedge Thickness (mm): 3 
Slot Liner Thickness (mm): 0 
Layer Insulation (mm): 0 
Slot Area (mm^2): 673.645 
Net Slot Area (mm^2): 607.208 
 
Slot Fill Factor (%): 71.0878 
Limited Slot Fill Factor (%): 75 
Wire Resistivity (ohm.mm^2/m): 0.0217 
Conductor Length Adjustment (mm):   0 
End Length Correction Factor 1 
End Leakage Reactance Correction Factor 1 
 
     ROTOR DATA  
 
Number of Rotor Slots: 30 
Air Gap (mm):   1.05 
Inner Diameter of Rotor (mm):   110 
Type of Rotor Slot: 4 
Rotor Slot  
            hs0 (mm):   2.55113 
            hs1 (mm):   0 
            hs2 (mm):   33.3038 
            bs0 (mm):   9.99148 
            bs1 (mm):   13.8463 
            bs2 (mm):   13.8463 
            rs (mm):   0 
 
Cast Rotor: No 
Half Slot: No 
 
Length of Rotor (mm):   401.367 
Stacking Factor of Rotor Core: 0.97 
Type of Steel: M19_26G 
Skew Width: 0 
End Length of Bar (mm):   34.0188 
Height of End Ring (mm):   41.3236 
Width of End Ring (mm):   37.3549 
Resistivity of Rotor Bar  
  at 75 Centigrade (ohm.mm^2/m): 0.0217391 
Resistivity of Rotor Ring  
  at 75 Centigrade (ohm.mm^2/m): 0.0217391 
Magnetic Shaft: No 
 
     MATERIAL CONSUMPTION 
 
Armature Copper Density (kg/m^3):   8900 
Rotor Bar Material Density (kg/m^3):   8900 
Rotor Ring Material Density (kg/m^3):   8900 
Wire Diameter (mm): 5.189 
Wire Wrap Thickness (mm): 0 
 
Wedge Thickness (mm): 3 
Slot Liner Thickness (mm): 0 
Layer Insulation (mm): 0 
Slot Area (mm^2): 581.816 
Net Slot Area (mm^2): 522.695 
 
Slot Fill Factor (%): 72.1186 
Limited Slot Fill Factor (%): 75 
Wire Resistivity (ohm.mm^2/m): 0.0217 
Conductor Length Adjustment (mm):   0 
End Length Correction Factor 1 
End Leakage Reactance Correction Factor 1 
 
     ROTOR DATA  
 
Number of Rotor Slots: 30 
Air Gap (mm):   1.05 
Inner Diameter of Rotor (mm):   110 
Type of Rotor Slot: 4 
Rotor Slot  
            hs0 (mm):   1.46968 
            hs1 (mm):   0 
            hs2 (mm):   36.798 
            bs0 (mm):   5.77002 
            bs1 (mm):   10.1361 
            bs2 (mm):   10.1361 
            rs (mm):   0 
 
Cast Rotor: No 
Half Slot: No 
 
Length of Rotor (mm):   468.055 
Stacking Factor of Rotor Core: 0.97 
Type of Steel: M19_26G 
Skew Width: 0 
End Length of Bar (mm):   41.415 
Height of End Ring (mm):   48.2008 
Width of End Ring (mm):   32.1127 
Resistivity of Rotor Bar  
  at 75 Centigrade (ohm.mm^2/m): 0.0217391 
Resistivity of Rotor Ring  
  at 75 Centigrade (ohm.mm^2/m): 0.0217391 
Magnetic Shaft: No 
 
     MATERIAL CONSUMPTION 
 
Armature Copper Density (kg/m^3):   8900 
Rotor Bar Material Density (kg/m^3):   8900 
Rotor Ring Material Density (kg/m^3):   8900 
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Armature Core Steel Density (kg/m^3):   7650 
Rotor Core Steel Density (kg/m^3):   7650 
 
Armature Copper Weight (kg):   84.5298 
Rotor Bar Material Weight (kg):   60.9888 
Rotor Ring Material Weight (kg):   34.4325 
Armature Core Steel Weight (kg):   471.867 
Rotor Core Steel Weight (kg):   392.09 
Total Net Weight (kg):   1043.91 
 
Armature Core Steel Consumption (kg):  832.494 
Rotor Core Steel Consumption (kg):   468.259 
 
     RATED-LOAD OPERATION  
 
Stator Resistance R1 (ohm): 0.209287 
Stator Resistance at 20C (ohm): 0.159308 
Stator Leakage Reactance X1 (ohm): 1.18775 
  Slot Leakage Reactance Xs1 (ohm): 0.631576 
  End Leakage Reactance Xe1 (ohm): 0.319201 
  Harmonic Leakage Reactance Xd1 (ohm):
 0.236971 
Rotor Resistance R2 (ohm): 0.130658 
Rotor Leakage Reactance X2 (ohm): 1.87578 
Resistance Corresponding to  
  Iron-Core Loss Rfe (ohm): 3139.99 
Magnetizing Reactance Xm (ohm): 65.5881 
 
Stator Phase Current (A): 100.062 
Current Corresponding to  
  Iron-Core Loss (A): 0.585751 
Magnetizing Current (A): 28.0425 
Rotor Phase Current (A): 92.8659 
 
Copper Loss of Stator Winding (W): 6286.37 
Copper Loss of Rotor Winding (W): 3380.4 
Iron-Core Loss (W): 3232.04 
Frictional and Windage Loss (W): 6505.76 
Stray Loss (W): 5000 
Total Loss (W): 24404.6 
Input Power (kW): 524.627 
Output Power (kW): 500.223 
 
Mechanical Shaft Torque (N.m): 3059.46 
Efficiency (%): 95.3482 
Power Factor: 0.90855 
Rated Slip: 0.00662682 
Rated Shaft Speed (rpm): 1561.31 
 
      
 
 
Armature Core Steel Density (kg/m^3):   7650 
Rotor Core Steel Density (kg/m^3):   7650 
 
Armature Copper Weight (kg):   74.2894 
Rotor Bar Material Weight (kg):   56.109 
Rotor Ring Material Weight (kg):   26.7807 
Armature Core Steel Weight (kg):   460.045 
Rotor Core Steel Weight (kg):   281.838 
Total Net Weight (kg):   899.062 
 
Armature Core Steel Consumption (kg):  788.339 
Rotor Core Steel Consumption (kg):   358.735 
 
     RATED-LOAD OPERATION  
 
Stator Resistance R1 (ohm): 0.145896 
Stator Resistance at 20C (ohm): 0.111055 
Stator Leakage Reactance X1 (ohm): 1.18607 
  Slot Leakage Reactance Xs1 (ohm): 0.69283 
  End Leakage Reactance Xe1 (ohm): 0.241307 
  Harmonic Leakage Reactance Xd1 (ohm):
 0.251935 
Rotor Resistance R2 (ohm): 0.101912 
Rotor Leakage Reactance X2 (ohm): 2.29884 
Resistance Corresponding to  
  Iron-Core Loss Rfe (ohm): 3071.08 
Magnetizing Reactance Xm (ohm): 71.3528 
 
Stator Phase Current (A): 99.4102 
Current Corresponding to  
  Iron-Core Loss (A): 0.60096 
Magnetizing Current (A): 25.8658 
Rotor Phase Current (A): 92.4746 
 
Copper Loss of Stator Winding (W): 4325.41 
Copper Loss of Rotor Winding (W): 2614.53 
Iron-Core Loss (W): 3327.39 
Frictional and Windage Loss (W): 5985.32 
Stray Loss (W): 5000 
Total Loss (W): 21252.6 
Input Power (kW): 521.257 
Output Power (kW): 500.004 
 
Mechanical Shaft Torque (N.m): 2124.68 
Efficiency (%): 95.9228 
Power Factor: 0.908574 
Rated Slip: 0.00514059 
Rated Shaft Speed (rpm): 2247.25 
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NO-LOAD OPERATION  
 
No-Load Stator Resistance (ohm): 0.209287 
No-Load Stator Leakage Reactance (ohm):
 1.20541 
No-Load Rotor Resistance (ohm): 0.130638 
No-Load Rotor Leakage Reactance (ohm):
 1.97074 
 
No-Load Stator Phase Current (A): 28.5771 
No-Load Iron-Core Loss (W): 3342.77 
No-Load Input Power (W): 15615 
No-Load Power Factor: 0.0649871 
No-Load Slip: 8.41296e-05 
No-Load Shaft Speed (rpm): 1571.6 
 
     BREAK-DOWN OPERATION  
 
Break-Down Slip: 0.07 
Break-Down Torque (N.m): 14629.9 
Break-Down Torque Ratio: 4.78187 
Break-Down Phase Current (A): 661.671 
 
     LOCKED-ROTOR OPERATION  
 
Locked-Rotor Torque (N.m): 7228.05 
Locked-Rotor Phase Current (A): 1113.49 
Locked-Rotor Torque Ratio: 2.36253 
Locked-Rotor Current Ratio: 11.128 
 
Locked-Rotor Stator Resistance (ohm):
 0.209287 
Locked-Rotor Stator  
  Leakage Reactance (ohm): 0.965564 
Locked-Rotor Rotor Resistance (ohm):0.327311 
Locked-Rotor Rotor  
  Leakage Reactance (ohm): 0.666559 
 
     DETAILED DATA AT RATED OPERATION  
 
Stator Slot Leakage Reactance (ohm):
 0.631589 
Stator End-Winding Leakage  
  Reactance (ohm): 0.319201 
Stator Differential Leakage  
  Reactance (ohm): 0.237044 
Rotor Slot Leakage Reactance (ohm): 0.699279 
Rotor End-Winding Leakage  
  Reactance (ohm): 0.162335 
Rotor Differential Leakage  
  Reactance (ohm): 1.01461 
Skewing Leakage Reactance (ohm): 0 
NO-LOAD OPERATION  
 
No-Load Stator Resistance (ohm): 0.145896 
No-Load Stator Leakage Reactance (ohm):
 1.19303 
No-Load Rotor Resistance (ohm): 0.10188 
No-Load Rotor Leakage Reactance (ohm):
 2.34541 
 
No-Load Stator Phase Current (A): 26.311 
No-Load Iron-Core Loss (W): 3429.45 
No-Load Input Power (W): 14441.1 
No-Load Power Factor: 0.0627782 
No-Load Slip: 5.52212e-05 
No-Load Shaft Speed (rpm): 2258.73 
 
     BREAK-DOWN OPERATION  
 
Break-Down Slip: 0.05 
Break-Down Torque (N.m): 8806.65 
Break-Down Torque Ratio: 4.14492 
Break-Down Phase Current (A): 587.902 
 
     LOCKED-ROTOR OPERATION  
 
Locked-Rotor Torque (N.m): 5044.26 
Locked-Rotor Phase Current (A): 1069.11 
Locked-Rotor Torque Ratio: 2.37412 
Locked-Rotor Current Ratio: 10.7545 
 
Locked-Rotor Stator Resistance (ohm):
 0.145896 
Locked-Rotor Stator  
  Leakage Reactance (ohm): 0.965032 
Locked-Rotor Rotor Resistance (ohm):0.356349 
Locked-Rotor Rotor  
  Leakage Reactance (ohm): 0.753261 
 
     DETAILED DATA AT RATED OPERATION  
 
Stator Slot Leakage Reactance (ohm):
 0.69283 
Stator End-Winding Leakage  
  Reactance (ohm): 0.241307 
Stator Differential Leakage  
  Reactance (ohm): 0.251935 
Rotor Slot Leakage Reactance (ohm): 1.00541 
Rotor End-Winding Leakage  
  Reactance (ohm): 0.146022 
Rotor Differential Leakage  
  Reactance (ohm): 1.14741 
Skewing Leakage Reactance (ohm): 0 
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Stator Winding Factor: 0.945214 
 
Stator-Teeth Flux Density (Tesla): 1.29063 
Rotor-Teeth Flux Density (Tesla): 1.44262 
Stator-Yoke Flux Density (Tesla): 1.59047 
Rotor-Yoke Flux Density (Tesla): 0.757503 
Air-Gap Flux Density (Tesla): 0.854495 
 
Stator-Teeth Ampere Turns (A.T): 21.6507 
Rotor-Teeth Ampere Turns (A.T): 54.0699 
Stator-Yoke Ampere Turns (A.T): 443.117 
Rotor-Yoke Ampere Turns (A.T): 6.96144 
Air-Gap Ampere Turns (A.T): 1420.3 
 
Correction Factor for Magnetic  
  Circuit Length of Stator Yoke: 0.371356 
Correction Factor for Magnetic  
  Circuit Length of Rotor Yoke: 0.7 
Saturation Factor for Teeth: 1.05331 
Saturation Factor for Teeth & Yoke: 1.3702 
Induced-Voltage Factor: 0.965356 
 
Stator Current Density (A/mm^2): 5.31274 
Specific Electric Loading (A/mm): 46.1299 
Stator Thermal Load (A^2/mm^3): 245.076 
 
Rotor Bar Current Density (A/mm^2):
 4.12421 
Rotor Ring Current Density (A/mm^2):
 2.95381 
 
Half-Turn Length of  
  Stator Winding (mm):   778.206 
 
     WINDING ARRANGEMENT 
 
The 3-phase, 2-layer winding can be arranged in 9 





Angle per slot (elec. degrees): 20 
Phase-A axis (elec. degrees): 100 
First slot center (elec. degrees): 0 
 
 
TRANSIENT FEA INPUT DATA  
 
For one phase of the Stator Winding: 
  Number of Turns: 108 
 
Stator Winding Factor: 0.945214 
 
Stator-Teeth Flux Density (Tesla): 1.28411 
Rotor-Teeth Flux Density (Tesla): 1.37438 
Stator-Yoke Flux Density (Tesla): 1.21032 
Rotor-Yoke Flux Density (Tesla): 0.885369 
Air-Gap Flux Density (Tesla): 0.8157 
 
Stator-Teeth Ampere Turns (A.T): 19.9961 
Rotor-Teeth Ampere Turns (A.T): 34.354 
Stator-Yoke Ampere Turns (A.T): 42.8603 
Rotor-Yoke Ampere Turns (A.T): 7.02692 
Air-Gap Ampere Turns (A.T): 1296.45 
 
Correction Factor for Magnetic  
  Circuit Length of Stator Yoke: 0.634045 
Correction Factor for Magnetic  
  Circuit Length of Rotor Yoke: 0.674519 
Saturation Factor for Teeth: 1.04192 
Saturation Factor for Teeth & Yoke: 1.0804 
Induced-Voltage Factor: 0.968686 
 
Stator Current Density (A/mm^2): 4.70082 
Specific Electric Loading (A/mm): 43.9779 
Stator Thermal Load (A^2/mm^3): 206.732 
 
Rotor Bar Current Density (A/mm^2):
 3.93903 
Rotor Ring Current Density (A/mm^2):
 2.28151 
 
Half-Turn Length of  
  Stator Winding (mm):   783.158 
 
     WINDING ARRANGEMENT 
 
The 3-phase, 2-layer winding can be arranged in 9 





Angle per slot (elec. degrees): 20 
Phase-A axis (elec. degrees): 100 
First slot center (elec. degrees): 0 
 
 
TRANSIENT FEA INPUT DATA  
 
For one phase of the Stator Winding: 
  Number of Turns: 84 
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  Parallel Branches: 1 
  Terminal Resistance (ohm): 0.209287 
  End Leakage Inductance (H): 0.00096968 
For Rotor End Ring Between Two Bars of One Side: 
  Equivalent Ring Resistance (ohm): 9.36296e-07 
  Equivalent Ring Inductance (H): 1.02282e-08 
2D Equivalent Value: 
  Equivalent Model Depth (mm): 401.367 
  Equivalent Stator Stacking Factor: 0.97 
  Equivalent Rotor Stacking Factor: 0.97 
 
  Parallel Branches: 1 
  Terminal Resistance (ohm): 0.145896 
  End Leakage Inductance (H): 0.000510061 
For Rotor End Ring Between Two Bars of One Side: 
  Equivalent Ring Resistance (ohm): 9.43012e-07 
  Equivalent Ring Inductance (H): 1.05823e-08 
2D Equivalent Value: 
  Equivalent Model Depth (mm): 468.055 
  Equivalent Stator Stacking Factor: 0.97 
  Equivalent Rotor Stacking Factor: 0.97 
 
 




The electric and magnetic characteristics of Maxwell 2D and SEMFEM for the
optimized 3 kW motor is presented in this appendix.
C.1 Magnetic loading of Maxwell 2D
(a) Flux lines.
(b) Flux density.
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(a) Flux lines.
(b) Flux density.
Figure C.2: Magnetic characteristics at 3000 rpm.
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C.2 Magnetic loading of SEMFEM
(a) Flux lines
(b) Flux density





A complete drawing set of the mechanical components designed for the testing












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Winding Temperature: 80.000000 deg
Air Temperature: 40.000000 deg
Paper thermal conductivity coef: 0.400000 W/mK
Steel thermal conductivity coef: 79.500000 W/mK
Air convection coef: 10.000000 W/m^2K
Number of fins on stator surface: 64.000000
Insulation paper thermal resistace: 0.032296 deg/W
Steel thermal resistace: 0.002727 deg/W
Convection thermal resistance: 1.047072 deg/W
Total thermal resistance: 1.082095 deg/W
Rate of heat transfer to stator surface: 36.965329 W
Stator surface temperature: 78.705361 deg
Fin efficiency: 0.992974
Fin effectiveness: 3.340763





The oscilloscope signals at each speed increment measurement during loaded
tests are given in Figure F.1. These signals were used for FFT transformations.
182
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(a) 500 rpm. (b) 1000 rpm.
(c) 1500 rpm. (d) 2000 rpm.
(e) 2500 rpm. (f) 3000 rpm.




The following article was published and presented at the 27th Southern African
Universities Power Engineering Conference, (SAUPEC) in Bloemfontein.
184
Stellenbosch University https://scholar.sun.ac.za
Design Strategy of Traction Induction Motors
T. M. Masuku, R-J. Wang∗, M. C. Botha and S. Gerber





Abstract—In this paper, a strategy for designing induction
motors for traction applications is proposed. The proposed
strategy builds on the conventional design of induction motors,
but makes emphasis on the differentiating characteristics, which
are the constant power speed ratio and overloading capability. A
design procedure, which breaks up the motor design into different
parts and phases was formulated. The formulated design strategy
was then validated by the design of a 3 kW traction induction
motor using the ANSYS Electronics packages. ANSYS RMxprt
was used in conjunction with ANSYS Optimetrics optimization
module to create an initial optimum design, which was then
verified by using ANSYS Maxwell 2D finite element analysis.
The proposed design strategy has been shown to work well.
Index Terms—Design optimization, finite element analysis,
induction motors, traction motors, flux weakening
I. INTRODUCTION
Induction motors are widely used in traction applications
because of their high efficiency, good overload capability and
wide constant power speed range. The design strategy of
an induction motor for traction applications is significantly
different from that of the conventional induction motor [1]. For
an induction motor to be deemed suitable for traction drives a
set of requirements have to be met [2]–[4]: high power density,
overload capability, high torque at low speeds, fast torque
response, high reliability, high efficiency over wide torque and
speed ranges, high durability and low cost. The aim of this
paper is to formulate a design strategy that conforms to these
requirements. The suggested approach will be implemented in
the design of a traction induction machine.
A. Power and Torque Characteristics
The power and torque characteristics of a traction motor
determine the vehicle’s running performance, including the
vehicle’s acceleration, grade-ability and maximum speed [3],
[4]. Typically, the output power and torque of a traction motor
are broken down into three operating regions: constant torque,
constant power and slip limited, as shown in Fig. 1.
In the constant torque region, the machine’s rated torque is
maintained by keeping a constant voltage-frequency ratio. This
ratio maintains the flux level and the currents in the machine
to the given rated values. The output power of the motor
increases linearly with an increase of the supply voltage. The
constant power region is entered when the supply frequency
continues increasing while the voltage is at maximum breaking
the constant voltage-frequency ratio. The machine current is
constant but the air-gap flux reduces inversely to the supply
frequency. This decreases the output torque inversely to the
angular velocity and the output power remains constant. For
the slip limited region the machine operates at breakdown slip






























Fig. 1. Induction machine torque power characteristics [4]
B. Realizing Wide Constant Power Speed Range
For the design to be considered suitable for traction drives
the Constant Power Speed Range (CPSR), which is defined as
ωm/ωb as illustrated in Fig. 1, should be 3 or greater [3]. In
other words, the maximum speed ωm achieved in the constant
power region should be a minimum of 3 times greater than
the base speed ωb. Since the design point is usually set at
the base speed ωb and the maximum constant power speed
ωm is a consequence thereof, it is essential to establish the
relation between the two so that the design specifications at
both speeds can be satisfied. Since the maximum torque of an
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where V1eq , R1eq , X1eq and X2 are equivalent stator volt-
age, resistances, leakage reactance and referred rotor leakage
reactance, respectively.
Assuming R1eq is negligible and V1eq is constant under flux
weakening operation, eqn. (1) can be written as:






where K = mp/[8π2(L1eq +L2)] and L1eq and L2 are equiv-
alent stator leakage and referred rotor leakage inductances.
Since f ∝ ω (electrical angular speed) and V1eq is constant:




where K1 is a constant. The relation between the maximum
torques at the base and maximum speeds, ωb and ωm, is thus:
T ′b · ω2b = T ′m · ω2m (4)
Under constant power P , the rated operational torques at the
base and maximum speed, Tb and Tm, are related by:
P = ωbTb = ωmTm (5)
At the maximum speed, the maximum torque must exceed the
rated operating torque by a factor κm, such that:
T ′m = κmTm (6)
For example, in Fig. 1, κm = 1 and T ′m = Tm. From
(4) – (6), the ratio between the maximum torque and the rated
operational torque at the base speed, κb, can be derived:









Eqn. (9) can be incorporated into the initial design steps to
optimize a suitable maximum torque in order to realize the
required CPSR for the induction motor.
C. Mitigation of Harmonic Losses
Traction induction motors are usually fed from voltage
source inverters. The time harmonic content of the supply
voltages cause additional copper and core losses resulting in
high machine temperature. Often the motor rating has to be
reduced somewhat to maintain the rated temperature [3], [6].
Another contributor for efficiency loss of a traction induction
motor is the harmonic secondary copper losses in the rotor
bars. These harmonic secondary copper losses occur in the
conductor near the rotor surface and are produced by the har-
monic component of the air-gap flux density due to the stator
slots. To counter this problem and improve the efficiency of the
traction induction motor, new rotor slot designs proposed in
[7] as shown in Fig. 2 were considered. Taking the slot profile
in Fig. 2A (A-type) as a base design, the configuration shown
in Fig. 2B (B-type) involved only reducing the conductor size
and without changing the slot shape. Although the results
Fig. 2. Candidate rotor slot designs [7].
are promising, the conductor can shift from its position due
to centrifugal force during operation. An alternative design
as in Fig. 2C (C-type) is to place the conductor deeper in
the rotor. Harmonic secondary copper losses are expected to
reduce, however there is a chance that leakage inductance
would increase in the upper portion of the rotor slots leading to
reduced stalling torque. Fig. 2D (D-type) gives an interesting
design, which was devised to withstand centrifugal forces as
well as reduce the harmonic secondary copper losses without
significantly increasing rotor leakage inductance.
II. DESIGN PROCEDURE
A. Design Specifications
The validation of the design procedure will be executed
by the design of an induction motor with the following
specifications:
TABLE I
KEY IM DESIGN SPECIFICATIONS
Description Values
Rated power (kW) 3
Rated voltage (V) 380
Number of phases 3
Number of poles 4
Rated speed (rpm) 1000
Maximum speed (rpm) 3000
Overload ratio at maximum speed κm ≥ 1
Rated efficiency ≥ 80%
Rated power factor ≥ 0.7
Winding configuration Delta
Core material M19-26Ga
Rotor bar material Copper
Allowable stator outer diameter (mm) 190
In addition to these specifications, the motor should have
ideal electric and magnetic loading values to avoid over-
saturation and overheating.
B. Selection of Number of Slots
In an induction motor design, the selection of number of
stator and rotor slots needs careful consideration. To reduce
the leakage reactance, the number of stator slots per pole per
phase should generally greater than two [8]. For a 4-pole small
induction motor, 24/36/48 slots can be viable options.
In order to avoid disturbances in the operation of an
induction motor, the rotor slots have to be carefully selected
with respect to the stator slots. Common problems which arise
317
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due to the incorrect selection of rotor and stator slot number
combinations are cogging and crawling defined as follows:
- Cogging: Also known as magnetic locking, is when the
motor refuses to start up and remains stationary. This
normally occurs when the number of stator slots equal
the number of rotor slots. When the rotor and stator slots
face each other, the reluctance of the magnetic path is
minimum so the rotor position tends to remain fixed [9],
[10].
- Crawling: The rotating magnetic field in the air-gap of the
motor is normally non-sinusoidal and generally contains
odd harmonics of the 3 rd, 5 th and 7th order. The presence
of harmonics in the flux wave affects the torque speed
characteristics. A motor with a presence of 7th order
harmonics will have a tendency to run at one seventh
of its normal speed [9], [10].
The following guidelines can be used in conjunction with
Fig. 3 to better define the selection of rotor slots:
- To avoid cogging and crawling Qs ̸= Qr and (Qs−Qr) ̸=
± 3p
- To avoid synchronous hooks and cusps in torque speed
characteristics Qr ̸= ±p, ±2p, ±5p
- To avoid noisy operation (Qs − Qr) ̸= ± 1, ± 2, (± p ±
1), (± p ± 2)
The combinations without symbols shown in Fig. 3 are safe
choices. For the 3 kW IM design, the number of slots for stator
and rotor are chosen as 36 and 30, respectively.
Fig. 3. Rotor and stator slot safe combinations [10], where ”− ” stands for
harmful torques in counter-current braking, ”+” stands for harmful torques at
positive speeds, ”× ” represents harmful mechanical vibrations, and ”◦” refers
to harmful synchronous torques at standstill.
C. Design Steps
Fig. 4 shows a high level flow diagram of the complete
design procedure.
- Step 1: Selection of the initial diameter and core lengths
based on sizing equation.
- Step 2: The design of the stator, which includes selection
of the number of slots and winding types.
- Step 3: The design of the rotor, which includes the
selection of the number of rotor slots, rotor slot type,
air-gap length and the rotor shaft diameter.
- Step 4: The performance evaluation of the initial de-
sign is conducted, which includes efficiency, power fac-
tor, torque-speed curve during flux weakening, magnetic
loading, electric loading etc.
- Step 5: The optimization of the design.
- Step 6: If the optimization results are the desired char-
acteristics then proceed to Step 7. Otherwise it will loop
back into Step 5 after redesigning the constraints.
- Step 7: Finite Element Analysis of the analytical design
is conducted.
- Step 8: If the results are validated in all cases the design
can proceed to Step 9. Otherwise it will loop back to Step
5, to re-design and re-optimize the motor.
- Step 9: The final optimized and verified design can
be manufactured. The electromagnetic design process is
complete.







9) Machine Eligible for Production
5) Optimization






Fig. 4. Design flow diagram.
The optimization of the design, conducted in step 5, can
generally be approached in several different ways. Different
types of optimization algorithms may be employed. Further-
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more, there are many different ways in which the optimiza-
tion problem may be formulated, depending on the specific
requirements of the application, the capabilities of the analysis
function and the nature of the optimization algorithm.
In this study, the optimization was conducted using RMxprt
analyses together with ANSYS’ built-in optimization tool.
The genetic algorithm was employed. Using these tools, the
optimization problem was formulated as an unconstrained
problem:




where F is the objective function, X is the set of design
variables, wi is a set of weighting functions and Gi is a set of
penalty functions for constraints. The constraints considered
in this process were:
η ≥ 80 % (11)
PF ≥ 70 % (12)
Pout = 3 kW (13)
T ′b ≥ 100 Nm (14)
where η is the efficiency, PF is the power factor, Pout is the
rated continuous output power and T ′b is the breakdown torque.
The weighting functions in (10) were all chosen as unity.
III. ANALYSIS OF RESULTS
To verify the traction induction motor design strategy,
results of both the analytical design model and finite element
analysis are compared. Table I shows the design specifications
of the traction induction motor, which is to be modeled and
validated. In addition, a stator outer diameter constraint of
190 mm is put in place to limit the size of the machine to
standard frame sizes. Although better performance can be
expected with a bigger size machine the results summarized
in this section are within reasonable margins.
The analytical design cross section is shown in Fig. 5a.
The experimental rotor slot profile discussed in Section I-C is
implemented in 2D Maxwell using the draw tool and is shown
in Fig. 5b.
Fig. 5. The cross-sections of the optimum induction motor: (a) with C-type
rotor slots, and (b) with D-type rotor slots.
Fig. 6. Definition of slot dimensions for (a) stator slots, and (b) rotor slots.
The optimized slot and sizing dimensions of the machine
are summarized in Table II with their definitions shown in
Fig 6. The rated performance is summarized on Table III
together with the calculated circuit parameters. These results
are obtained from the analytical model (RMxprt) and need to
be verified by using more accurate numeric modeling method
like Finite Element Method (FEM).
TABLE II
INDUCTION MOTOR OPTIMIZED DIMENSIONS

















General Initial [mm] Optimum [mm]
Core length 105 160
Outer diameter 220 190
Inner diameter 120 108
Shaft diameter 40 30
Air-gap length 0.3 0.65
A. Performance Characteristics
The torque-speed characteristics of the designed traction
induction motor obtained using ANSYS analytical design tool
RMxprt is shown in Fig. 7. The corresponding power-speed
curve is given in Fig. 8, which shows a constant power speed
range close to 3. For validation purpose, ANSYS Maxwell 2D
FEM is used to compute the output power at both base speed
and maximum speed points. The 2D Maxwell results shown
in Fig. 9 gives an output power of 3010 W at 1000 rpm and
2949 W at 3000 rpm, which is in a good agreement with that
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TABLE III
RATED PERFORMANCE OF THE OPTIMUM INDUCTION MOTOR
Performance parameters Values Units
Input power 3558,14 W
Total losses 558,085 W
Output power 3000 W
Rated efficiency 84.31% -
Power factor 0.712 -
Rated torque 28.6 Nm
Rated speed 1000.29 rpm
Rated slip 0.0383 -
Source frequency 34.67 Hz
Calculated circuit parameters Values Units
Stator resistance (Rs) 1.979 Ω
Rotor resistance (Rr) 1.567 Ω
Stator leakage reactance (Xls) 1.495 Ω
Rotor leakage reactance (Xlr) 2.752 Ω
Magnetizing reactance (Xm ) 40.249 Ω
Core loss resistance (Rc) 2356.890 Ω
of RMxprt. The power at the maximum speed is slightly less
than the specified 3 kW.
Fig. 7. Torque-speed characteristics of the optimum induction motor design
obtained from RMxprt.
Fig. 8. Power-speed characteristics of the optimum induction motor design
obtained from RMxprt.
B. Magnetic and Electric Loading
In a well designed induction machine, the highest flux
density occurs in the teeth. As a further review of the design,
the average magnetic and electric loadings obtained in the
ANSYS RMxprt analytical design are summarized on Table IV
together with the recommended value range set out as design
guidance in [3], [11]. Generally, the design values correspond
to desired characteristics and show a quality design.
Fig. 9. Transient power analysis using 2D Maxwell.
TABLE IV
MAGNETIC AND ELECTRIC LOADING
Flux density (T) Design value Recommended values
Stator teeth 1.375 1.4 - 1.7
Rotor teeth 1.503 1.5 - 1.8
Stator yoke 1.306 1.4 - 1.7
Rotor yoke 0.545 1.0 - 1.6
Air-gap 0.767 0.7 - 0.9
Current density (A/mm2)
Stator slot 6.470 5.0 - 6.5
Rotor bar 5.817 5.5 - 7.5
C. Harmonic Loss Reduction Analysis
The rotor slot types (A and D) shown in Fig. 2 were
simulated using FEM in order to compare their harmonic
secondary copper losses. The simulation involved modeling
the exact same machine with the only difference being the
rotor slots and simultaneously running them at synchronous
speed to mimic true no-load conditions. The results of the
experiment are summarized on Fig. 10. At 1000 rpm, the
rotor eddy current loss and core loss in the machine with A-
type rotor slots were 3.77 W and 29.53 W, respectively. For
the D-type rotor slots, the eddy current loss and core loss
were 0.00115 W and 29.72 W. This shows the effectiveness
of reducing the secondary rotor eddy current losses just from
altering the rotor slot. The core losses for both slot types are
practically the same.
IV. MECHANICAL DESIGN
The mechanical design of the induction traction motor pro-
totype is described in this section. Fig. 11 depicts a 3D model
of the 3 kW induction motor created in AutoCad Inventor. For
enhanced heat transfer, the model was designed as a frame-
less machine with a finned core outer surface. Each fin was
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Core loss Eddy current
Fig. 10. Slot A and slot D loss comparison
designed with a heat transfer efficiency of 99 %. With 64
evenly distributed fins, a fin effectiveness of 3.34 was achieved.
A detailed view of the fin dimensions can be seen in Fig. 12.
With a winding temperature of 120 ◦C, ambient temperature
at 40 ◦C and an assumed convective heat transfer coefficient
of h = 10 W/m2K, the rate of heat transfer from the induction
machine was estimated as 189 W, which means that forced air
cooling will be required.
The core consists of eight slots tangent to the outer surface
of the stator as seen in Fig. 12. Manufacturing costs were
further reduced by the inclusion of the rectangular cutaway
for continuous laser cutting motion. The stator core lamina-
tions are compressed between two inner end-plates via four
threaded rod and nut assemblies. Its further held stationary
between two outer end-plates via four threaded rod, nut and
bush assemblies. The bushing additionally serves as a spacer
between the core and outer end-plate for winding purposes.
The rotor is press-fitted onto the shaft and locked via a key-
way and two circlips. A countersunk hole was created for each
bushing on each outer end-plate for an embedded fit. Thus,
increasing the overall rigidity of the machine.
Fig. 11. 3D model of the designed 3 kW traction induction machine.
Fig. 12. Detailed view of finned lamination
V. CONCLUSION
The primary objective of formulating a design strategy
for traction induction motors was met. Literature research
on the motor technology was conducted and a high level
flow diagram was created to summarize the applied design
approach. Validation of the design approach was conducted
using RMxprt and 2D FEM, which shows that the optimized
traction motor has a good efficiency (84%) and power factor
(0.71) even though a physical dimension restriction was put in
place on the outer diameter. The designed induction traction
motor had a CPSR of approximately 3 and the magnetic and
electric loadings were within the desired ranges. These results
give proof that the designed machine using the formulated
approach is suitable for traction drive systems.
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